7 5 v h—RUHHREABE L ShHHE ORI LRE

AN SHEHEIN DTSV h— RO DEIFEEMELT. RBETIET—EIILHLFT4/)L2 (DPF)
HLFTEXRISN—LGEDRNBEEZEE LGS L. THEBAOERMREEL C ElMo AEH
[CERALTIB A Z R RELIZ. ZLT. B R DT SVIh—HRUHHEDHIRE REXEAE LY
HEL. TSVID—RUDEIBICHRERIAMNMMEFTEALLTEE TS MAC (Marginal
Abatement Cost) [Z&>TLLEET@L =,

BREOHER. T4—EILHFI1ILE OPREEXRITNA—IENT L ABER#R LY MAC HYE
LN THERIZN—IKOHKLEZTHT . —EFRALIZBKEEZBICHKT 24 —TIL—
TARXERW=RI5/3—D MAC HEEE/NEETESNT=,

MDD TSV IA—RUBEHEDHIBR RORHMALELTIE, FF ICE 77 ADMMEXTRIC
TA—EILRFI1ILE (DPF) RBXRITN—DEFLZHLELI-XRERER. FEMEBIZEH
ETHIENEFLEEZA DN, FAKHEO C E@mM L A ERMADIERRIITSVIHh—RUHHE
DHEIBEMELTIEARMTA—T U RADEN,

s RSP —ERRICEVWTAREREZEIRVDEREZERT HEHRICE. REBERUVE
DIFHEKDIERIET Ty I A—HRARR MAC KY/NEETESNDHIEMN G, ECA-S DEBMEELE
BFORHBDOREAZFRRTEEIEALND,
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71 MMM SHE SN DT F v I h—AR U HEE ORRIE A A R B il

a2 HHEH S D PM OEIEEAN & LT, £ TRREMER RSN A U — L o/ &
IRBECER R AN BT 5D, LavL, NOx @ IMO (2381 e EUETH 5 Tierll K O Tierlll
KGO 7= OB EIC L D PM HIO HHEEIZ D2 oo TRV, F7z, BEFHBIICx LT
DEHRMTLHRETH D, DI, MHRPLE L SNHMAAOMI N ERER L ~L THE L X
L5 Tierll & 2 WECKERC SV MEALEIZ Z 8T 2 RIS 42272 Tierlll Iz iz L T4
KBz s, BEEERTOMSTEH LW EEXOND, M, T4 —BLRiT7 4 L%
(LLF TDPF) o, ) R A Y T /3— (LLT TWet Scrubber] &9, ) IZRESN D%
SLEREE B IBETFAR A~ O XIS b A S TH 0 | E /N TS~OXMIE b AR TH H &
E 25D, 78%. Wet Scrubber [IA SOx AN X3 A1 CTH 223, %35 &
IR IRWEDOBREICHLIER S D LS TN D, 72, A Bl ~OEHER (LLT [Fuel
Switch] £\ 9, ) IZL > T, PM ZHIET 2 W2 B2 FHIET + —E/LVABBHEICBNTHER
Tholelod, KEREZNEZZFTLHEGZ,

LAC HEHEDOHIEEAT D 5 B, OREBREIR A% bl S E R S, 22 >@F Ok
HHTEEE 50 ORI (ECA-S) M ALMRREFHI TRRE SN2 & &V ) oD
TIE, RBEER T 72 P = v DU ARIRIZ © LAC HEH B2 RIEICHI T2 2 L AREETH Y
NOx & O SFC HIllE & DZ 3R D D, HIRATE REREZ T Tl < | (REREI O H
HHET 22 TIHEEIERES LOZOEORIELRET LY, 20X 5 2H T,
BT CHIB DA ME T 20T 4 —B AR T 7 4 VX2 ((DPF), QAR T /3 —(Wet
Scrubber) 2 @A E il ~DBREHIEH (Fuel Switch)D 3 S EHMTAIIC LA TH 5 LT 5,

A EHUSA~OBREHR I, 72 & 2 ITHRERIRAT A (LNG) ~O#a# AL E T O BHILG
(R OFEA A3 FTHL ECA-S DR E LRI LRWGAICHEECH D 2 & | PREESCEIT XIS & 72
HHEBIDE D D7 LW E LTTPHRINEE LN e b BRINLT,

LI, OF 4 —EBI/WVKI 7 1 L% (DPF), @A 27 7 /3—(Wet Scrubber) & @A FEH~D
PRBHIEHL(Fuel Switch)y DB L E 2 S5 3 SOHIFICHOWT, BEFECERICIH TS EC e 8D
HIER, A EES L7z LAC IZxF L THEETE HHIEEREB KO, 2o a2 MoonW T
L7z, FEMIICOWTIE, BEEREZZR IV,

711 T4—EILHFT 1 I)LZ (DPF)

DPF (2 X DRI E OBREBEIZOWTIE, CEEREZR E bR 7.1-1 KUK 712 O X
ICELDOLND, ZhEx, LACHHEDRERE LTR 713 DX HITEHE L, &6
W2, ALHBEIZB W TR b 2 < HEH STV A BETIR (10,000-30,000 %8 k>, SIS /)
19,950 kW, FHIH T 11,251 kW) ~O5 2 &5AIC, o X R EEfla X M &2F 7.1-4
DEIITE LD,
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# 7.1-1 DPFICL2DT7 T v 7 —RE£71% PM AR ATRE R B9 2 FAA A R
(AR BB MGO)
Study/Manufacturer Reduction potential (MGO)
PM OC/OM/SOF | Elemental carbon
Tsuda et al. (2013) 70% ~ 0% “Most”
Majewski (2001) 95-99.9% (EC)
Corbett et al. (2010b) 85% (BC)
Liu et al. (2008) 99.7% (EC)
Huss Filters (2014) 99.9% Not reported
Dinex (Danish EPA, 2013) 93% Not reported
Lauer (2012) 55% 30-60% 99% (EC)

%% 712 DPFICL AT T v 7 1—R£7-1% PM B AT RE R B4 2 A b 5
(EEEAEHH HFO)

Study/Manufacturer Reduction potential (HFO)

PM OC/OM/SOF Elemental carbon
Tsuda et al. (2013) 50% ~ 0% “Most”
Mitsui O.S.K. (2012) 80%

# 7.1-3 DPF (2 X % LAC #EH EHIE AT

PNEN=R

AEE.

Black EC OM Ash Total black | Emission Emission
carbon reduction reduction reduction carbon factor HFO | factor
definition potential potential potential reduction [g/kWh] MGO

potential [g/kWh]
LAC 85% 0% 85% 37% 0.335 0.211
EC 85% 85% 0.040 0.006

# 7.1-4 DPFIZ X% LACHiHED A (20 MW engine)

Diesel Particulate Filter

CAPEX (incl. Installation) [USD/kW] 121

OPEX [USD/kW/year] 21.9 (including filter replacement)

Fuel penalty 4%

Lifetime [years] Actual 6-8 years (but unlimited in
calculations due to replacement included in
OPEX)

Off-hire days 15
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7.1.2

B RS 5/3— (WET scrubber)

BAXA 7 TR L DRFIRWEDOBREICONTIE, AR ENDER 715 OL D
WCEELDODBND, 2 E, LACHEHEDRERL LTE 71-6 DL OIZEIH LT, SHIC
M BV TR b 2 < A STV D EEFEM (10,000-30,000 #2 k>, z*ﬁ%#a%z%’a%ﬁ
19,950 kW, FHHT 11,251 kW) ~OiH 2 &5AIC, S22 R EEfla X F&2F 7.1-7
(A—T 2 N—7) £R 118 A —T L N—TL I a—AN—TDONAT Yy REZAT) D

LIl F LD,
k. BRA T T 83— 34K SOx HIDO-DICBEAINS DT, ZHHDa A M
Al SOx HIJE & LAC B EH3T D5 _XRELDTH LN, EOEIEDHREIC MHS:IX I\

DOREREVDVETHLZ NG, ZZTIEETLACHIEO D a A N ThhHEREL

TWa,

fth 5 CTABEIOFREIZB O TIPEARREIENFREIZ 72> TV W2, A7 T 3—DHEKAL
BZOWTIX NaOH OEHEEDAEZEZEE L T\DH I LIZ
B EToREENLEE R A ERE)

7a—X RN)L—7

IR W TIX
EEWE OBREENNLIEIZ D &R

EO5—10{FREICHR EN S b EZDND,

TREEINZDY 07U v RO
B2 BC RR0F 1Ll
BWTIMO TAEINGE ., BEKMEE = 2 R EE

# 71-5 BAXRT T 3—2 XKD PMHIATEER (Lack & Corbett, 2012)
Measurement ECTOA ECTOA PMz PM1.5 PM1 PM0.05
Reduction 55% 70% 98% 74% 59% 45%
potential
Fuel type Low sulfur | 1.5% HFO HFO HFO HFO
diesel Sulfur
# 7.1-6 A7 T 3—|Z X5 LAC HEH EHIK A e &

Black EC oM Ash Total black | Emission Emission

carbon reduction reduction reduction carbon factor HFO | factor

definition potential potential potential reduction [g/kWh] MGO

potential [g/kWh]
LAC 50% 50% 50% 50% 0.335 0.168
EC 50% 50% 0.040 0.020

£ 717 A7 T2 LD LACHHED 2 XA N (A —7 2 /L—7" 20 MW engine.)

Open loop scrubber

CAPEX (ex. Installation) [USD] 2,500,000
Installation [USD] 1,900,000
OPEX [USD/kW] 6.9

Fuel penalty 2%
Lifetime [years] 15
Off-hire days 20
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# 71-8 AT N—|ZLD LACHEHED X N (/17U » K 20 MW engine.)

Hybrid scrubber Open loop mode | Closed loop mode
CAPEX (ex. Installation) [USD] 3,100,000

Installation [USD] 2,300,000

OPEX [USD/kW] 6.9

Lifetime [years] 15

Fuel penalty* 2% 1%

NaOH consumption [m’/hour]* - 0.15

NaOH costs [USD/m’]* - 157

Off hire-days 20
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71.3 A EHADPABELH (Fuel Switch)

C EHMND A Bl A~OREHEIAIZ X DR FIRWE OREICOW T, AR £ 5
£ ITI9DLIIZTELDLND, ThE, LACHEHEDREFR L LTHR 7.1-10 D X H ITH
HL7, 6T, FEROBEHMIEICOWTITBR A 1 > 7 L& DEOREA M Uik & LT
E L, Bk EF-# % IEA @ World Energy Outlook DO L L CHET S &,
71-1 O XY TFREEIND,

£ 719 RS K 57T v 7 B — AR U HIBFTREEIZEI T 5 A (Lack & Corbett, 2012)

# 7.1-10 A EHEEHLC X 5 LAC HEH EHIE 7 TRE &

Black EC oM Ash Total black | Emission Emission
carbon reduction reduction reduction carbon factor HFO | factor
definition potential potential potential reduction [g/kWh] MGO
potential [g/kWh]
LAC 76% 0% 100% 41% 0.335 0.199
EC 76% 76% 0.040 0.010
HFO (usd/mt), Central MGO (usd/mt), Central ®= === HFO (usd/mt), Low
""" MGO (usd/mt), Low == == HFO (usd/mt), High == == MGO (usd/mt), High
1,400
100 —MmM8M8M8 e m === T
1,000 e — ===~
v
§ 80— o =——===—== e
S oo ---=-
D 600 el e ccccce e et et e s i e i eI s e e ees e ee e e eeeseeeeeesieessseeeeseeeees
400
200
0

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

[X] 7.1-1 HFO (C Ei#) & X MDO (A HEil) OALMEIZ BT 2 Rk
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72 T3v U A—RUHHRIERD R MEEi

MAC (Marginal Abatement Cost; 1g ® LAC HIJHIZ 202272 =2 Ak Zfifin O F ik & U TRkl
T2 b0) AEOBFN LR ER 72-110, /o, BEMT & LTRIELT 3 SOREHF T
VA %FK 72218 T, MAC BHREICEB W TIX, MHfFiIck T 28 &MEL e LT, #5|E
IZOWTIX 4%ICREE L, H7o. BB O ST M (life-time) % 10 4E & L CRHH %
T2 TVD0Y, MPV DFFE EIZBEMMOEAM & L C254F & L CHE L TW b Ekifiof
ZhEATE CABE IXHIIE OPEX & 6120 & LTHRE 7272 LA =T v /ba X MI2SETEES N
D). ZORER, FHIA =T X L3 X MIEDICEHE SN D, MAC OFERBREEZX 7.2-1 12
N I

WP OBREHIFR BT 2055k T U BN T hH, 227 F3—0 MAC 2o A HE s
H ONDPF 2B L€, RS EHE SN D, Zhud, A7 73—0iEH 2 A b (OPEX) 23Mtthod
TOOHEMITHE LTSN EIZEK L TWD, 2 TH AT T = KOPKABEZ{TD
P —ERH LA E b ICEE T A —F =T HF R E AW A7 T 3—D MAC
PWNSLKEHR SN D, £7-, DPF & A EMSHIZIET 5 & MAC Vs EHRE LD,

PUboz &nb, BB W TR A RE LR 21T 5 HEIiE, A7 7 3—%F|H
L. —#B DPF CTHisET 5 Z L Ml Th 5 L &2 b,

* 72-1 MAC FHRIZB T D RFHSAE:

Element Assumption

Evaluation year (year of NPV calculation) 2014

Price year 2014

Currency usb

Discount rate 4%

First year of technology 2016

HFO specific fuel oil consumption [g/kWh] 190

Time period The residual lifetime of the vessels, but
maximum the service lifetime of the
technologies

% 722 MACEHIZBITA3 >OKRFKF TV A4

Sensitivity parameter Low Base line | High
condition

HFO price [USD/ton]* 561

MGO price [USD/ton]* 876

Ship residual lifetime [years] 5 10 20

Time operating in the Arctic | 4380 8760

[hours]**

Interest rate 4% 8%

*Rotterdam prices January 27" 2014

**Corresponding to 49,279,380 kWh for the specific example ship
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M Cost of reduction (USD/g), LAC

0.45

0.06 0.06 0.07 0.09

B I N .

Open loop Hybrid scrubber, Hybrid scrubber, Fuel switch Diesel Particulate
scrubber open loop mode closed loop mode Filter

72-1 7 F v 7 B—R A O MAC (f{tdhi X USD/g-LAC)

m Open loop scrubber

m Hybrid scrubber, open loop mode
m Hybrid scrubber, closed loop mode
® Fuel switch

= Diesel Particulate Filter

Central Ship residual Ship residual Intest rate 8% Reduced time in
lifetime 5 years  lifetime 15 years arctic

722 7T v 7 B —R ARSI D MAC (USD/g) DR fFEAT,

LAC. Scenarios: reduced and extended residual lifetime of 5 and 15 years, respectively, high discount rate

of 8%, and reduced time in Arctic of 4,380 hours corresponding to six months.

= Open loop scrubber

m Hybrid scrubber, open loop mode
m Hybrid scrubber, closed loop mode
® Fuel switch

= Diesel Particulate Filter

Central Low fuel prices High fuel prices Low NaOH price High NaOH price

72-3 77 v 7 I —RHIEELAT O MAC (USD/g) OREEEFFHT,
LAC. Scenarios: refer to Figure 11 for low and high fuel prices, low and high NaOH costs of 52 and 262

— 168 —



USD/m®

® Open loop scrubber

W Hybrid scrubber, open loop mode
® Hybrid scrubber, closed loop mode
® Fuel switch

= Diesel Particulate Filter

Central Low Scrubber High Scrubber Low DPF CAPEX High DPF CAPEX
EX CAPEX

72-4 T T w7 H—R HEHEANT D MAC (USD/g) I FRAT,

, LAC. Scenarios: low and high CAPEX incl. installation for open loop/hybrid scrubber of 3.7/5.1
and 5.1/6.0 mio. USD and low and high CAPEX for DPF of 1.7/3.1 mio. USD.

m Open loop scrubber

W Hybrid scrubber, open loop mode
m Hybrid scrubber, closed loop mode
™ Fuel switch

m Diesel Particulate Filter

Central Low Scrubber OPEX High Scrubber OPEX  Low DPF OPEX High DPF OPEX

72-5 7T w7 —R HEHEANT O MAC (USD/g) IR FRAT,

LAC. Scenarios: high and low OPEX for scrubber of 3.9 and 10.8 USD/kW per year and high and
low OPEX for DPF of 15.3 and 28.5 USD/kW per year.
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73 T3y h—RUBHREDRHEH

ERRO a2 NEETEAEG 10 FOBFRERIS L LT To7, FiEmose, M Sn
LEFEDNEFM LV EL 2D 2 &0 5, DPF 2 WIHE A 7 73— L REHEH & 0 MAC
FZEFEICREL 2D LAC KD 7012132 O L 9 7R % ALBREE & (HT 5 2 & THRRIC
FIFRIFEE OB RS HIH CE 5, L7d> T, BEFEM~OmHIC >N T %x\f%@%%#
biuT=a 2 MABEEBIICEZ D2 b ARETH D, 7o, EC I X D BN E R
DOFTROEEL, FVEHENO LAC OB RREICREIN D, 7L 21E, FEREOMEG
RICEET DO LACILEREL LTUT @E 1 » AREOOREEELZZREITIUIIVWEEZ L
o, RHDSEIHED & 5%5!5&'@»?% & U T 721 Ce < BEF~ O H 217 -
T2 DRHEH B O KIEZ2 AN 5 Z LIXE 9 FTHAe,

FERIZEBW T, ®KAZ1T 5 %6 . Non Arctic area D5f & DEIKIZ 1T polar code 2% H 7z
W2 ErB, FEICE 7 7 ADMMPIHATTE 5, ZO72®, FEBICITRICERICIB W
DUFE N5 DIE ICE 7 7 ZADIAADOERAEIM L TV D Z ENBE X LN DD, KR O A
& LTIE, £TICE 7 7 ZADfifiaa x5 FRtlicm Lz L 9 IR 7 F 73— & DPF & Hl»
ELTxbR A B, FiEM e DICRET D2 ENEE LN EEZ LD, BREHRRIT =2 2
NMEHTOFER N HHIA L7 X 912 LAC HEHHEOHIE & L TIEIMAC 3 KE K 2 A X7 4 —
~ L ANEN,

iy, K782 ) —RRICBWCARRFREE Y 27 OREE BRI 258120%, g
K O OAFREK DRI MAC 13 LAC K MAC L0 /hS<ERESND Z M5, ECA-S D
BINEE 7 ERBEFORR OMAAEZFIHT 2 2 B2 bl b,
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8FLED

AETIH.FIEETORNREEELTLS,

AN SHEHEIND TSV Ih— R DEHMEL T CNETOXEAE TIE PM BFTX DR ESD
MIZASHTEIN ST AFAEBETERL-ERFROER. KMOHEARPICTEEFNDIFT R
FDIFEALTE PM,s RBEDWRFTHIEEZOND, F=. L LHEINDE TSV Ih—RY
F. BBET—EILEEISHHINDIILDLEEL>T OM DEELNEL. R, oHtcndd
FYIH—HRUIZ OM #FBETHILITKY . RBETE. b oI d TSV IAh—HRo % EC
& OM W E—DREFEFHRUALFZHFUEERTLOELT, BE. AT HE T £AIIZEHEL
T=o

EBEICHITEMMOAEDTSVIA—RODAIHERICHTEFEIZOVNTIE, 5D
exaxtEarth ftRETHHE AIS T2 ERALTRENDEVWEBERUVHIEET —2%ERLT:
LTAH g 66° LB ETIIEMEZELTT AORMEBENRLZL. 2 ADEEENRLD
5.7 BOFEREBELG ST, Tz, ZHOVNEMTHS AIS V57X B #BEHL-MMOEENE L
SHRIIZINSEED 5%UATTHY. L& 66° ~70° DFSHENILIE 66° LUILDFSHEDH 50%%
H, LiE 66~75° DFEEILILIZ 66° LULEIARD 92%L745 o1, dLi& 75° LI DMMEEIE(T
BEFRUMFIZESLTLD,

DRal—lavIti b oINS T IvIh—RODEEFMOER. KRERTEICH
(157590 h—RUBEICKHT HMMNEDEEETEARLLTIE, “Non Arctic area” T 10% K4},
“Arctic area” TIXBIZDLGEEHIENFRINT, £, BB LEICHITHRSTEE AIZ DT
(. RMICEDZDEMA L. FEHTRR 1%ERE. RLDEENBRIINDS 7 AICBVLTHLRK
2%RREICBF TNV A . EREORFEOELICOVTIK. EZ 1 v AN DIRBENFHEITE
LB EDREEOELDHEIL. BEDEKNEZICEITIERTYIMETIHEDBREL
DEFH(CLEBEL T/ MESWNEERMTE /=,

TIVIN—RUDHHERFRADVOFETEERICEFLTNAIEN S, BB R IEMMDE
FEHAKEL M OMMOBEEFSE|S M KRELV Non Arctic area” TBEMIZITINELEEZOND
M. "Arctic area” (5%, MATEHE DO KIBLBUNFINTEY.AIS LEEFRALTSERLEI
EREMMEESEZ T2 —THAULENH D, £1-. "Non Arctic area”’ [CEWLNTAKBREZE(ICHT
BVRAVEEMRT HI5EIE.ECA-S OFRBELGE . MBERUVZTOMBEKOHHEREZBHMEL
EEOREALTERTEIEEEAON D MKRBLEFHRGERREF DABEICEVLTIL. B
EMOHFMGEE TR T IR BREDLIGIEENBEINTOVENIEAL, IKRELIEEEME
LI-REIE= 2L ENSEBEITLDHEEZOND,

EBEICETEMMNED TS5y h—R O HIEEfTE MAC (marginal abatement cost) &
LCEHiEL /=15 & . BEEMTH o TH, TA—EILHFT1LE OPF) RLBHXRIF/N—DAMN. C
EimHo A EH~NORPBERBRIVEIRIMKRIBIZ/NE BFITEX RIS \—1E, I KEEDS R
DERICES>TITHRIARIDKIBICEEMT HATREMEEH DY, SOx DEIBELBLIZTFVIA—RD
KIBLZHIFEANBAFTEREMNEEAOND, WA EH N OCERORFNEANDFZEEREHIRT 51
OIZIE., FEMZT TIE ALK BEZMITI ARFEREED-I N TOMRMERNRET HIENEF
LWWEZBND,
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8.1 MMMNLDT T v I h—HRUDHHERBROFH

i 2> B O PMPEHIZ SV TR BC LIS ORBRIE . O Z O REK b L < G ER TV D,
MEPC (Marine Environment Protection Committee : IMO M FERBE(RELZES) ITBIT5
B\ T, Ziuh ZFRSM L 7= LAC (Light Absorbing Carbonaceous JEW N R 52L&
M) L LTBCEZERTDIEDHBHFH SN TVWL AFETIEIT I v I =R DER
ELTLAC ¢ 28X HaBWMAT 2, ZOB, BBI#ET + —E B E Tl LAC
ELTIIARETHEIND EC L LTERT DI ENLVN, AFEENTIL 2 B
ECEREIN-T— X7 X% EE LT, EC (Elemental Carbon)LA%#MZ, OM (Organic
Material) +Ash (22T b Z R OFEHA S LAC & LTS 2 & & LT,
BEAF O STk 72 EICHB VTR PM & 2\ E A A S ORISR & 272> TR
Mo To i, ARPFHEICI T 2 EMFHN G, MO X A MIZDFEED PMys Al DT
WFThodEEXDLND,

FFREIC L > TEHII SN2 PM BT 5 OM OFEIE (82%) 1T RKE WA, XA hE LT
Yo7V 7 LEBAETH, OM OEIERZ W (SRIORIE TRK 74%) .

T AT, B IEHTEE 2 AV BB T — B LB O PM & 2 M E LAC OBLIR
ElE, RESBRLIBETHD, EBEIC OM BESN T 4 V¥ EOEFEGCEIERT D
&L BAETIEIRNVBDODFRELR>TND Z ENHERINT,

Va2 b=y g VZBWTIELEC & OM AR — OB B 28k UL ERIRE 2R3 b
DL LTl 24T 9o ZAUX, IREE BT ) OFEM O5E 13 Z 2 OFE & 72 D,

8.2 ALtBEIZHITHAMMMA LD TS v I h—RY (LAC) OAIHHRIZHT 2F 5

71F 4 D exactEarth Ltd 3t 26782 AIS 7 — X 215 H L ¢, R THRBED
O AREE B B R ORI &7 — 2 2R L 72,

AERRIEIZ 31T DA OIEE B K O LAC HEHET — % 2%\ 5 12h7- > T, i
66" LIALDWE D 5 6. /v T = — ORI 7R & OTEE 32 & 7 b2 ik
& ALRRIRIE 2 & otk 2 o3 1T D 7c 0 AFEFETIL, TR 25° ~HRk45° | o, db
% 66~80° DFK % “Non Arctic area” & L, £ LIS DAL#E 667 LUAL DOV A “Arctic
area” LEFR LT,

WUTHMTE RN & (REHEE &) 127 ADNROZ < 2 ANRBD R T AOPELSRE L
Rolce 77 A ADIEBENKEI A HD, 2BV N TH D7 7 A B OIFH =T
RSB S S BIED 5% LT Th > 72,

TR CIFBI B O S 2% & AL 707 LIRS LR 667 LIAE R OK) 50% % Lo, b
f8 75° LAF CTIEEERD 2% & 72> T\, Fiz, dbi 75° DHLIZEF R UFKFICIES)
BENERLTVD,
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83 ¥

Tal—YavIickbMr oINS TS v h—FRo O

RRE R FEIZBTD7 7y 70— R AREIS T DM b0 % 5134 L L TiE, “Non
Arctic area” C 10% W4k, “Arctic area” TIX B (207725 2 TSN,

JeAmRifE 2212361 2 B R TS OV TR, ARBIC KD Z OIS 13, E B TRKR 1%
TR b W EANRESID T AIZB W THIR R 2% REICE - T,

ft 7 FRE DK ROLALITON T, EFENZVHIBITE ZRIZ BV TREICHK 23
HRLTWDZERENS | B i CTILE DK OTE RICREREEL 52 T L ATREMEI
INEW, E2 B A OIREDBHF LTS E ORI ROZALOFIRIZ, @FHOF
KNEFIZB T DN T I AT 57eE O BRELOHFFAIZ L T/RSWEFEf T
7

84 T3y h—HRUBHREDHRHEH

LAC MBI SAAIZ LD & A o F BT EE IR &L OHEHENEF L TE Y |

Jbig66° LIALIZE 1T D LAC FRIFaHEH £ 2,161 Mg/year D 5 5 ) 82%D 1,770 Mg/year

MARFZETEFRT S “Non Arctic area” WTHAEL, XU THIRLH T Z D “Arctic”

Tl 18% D 391 Mg/year TH > 7=,

L7eho> T, ZODWHR T, MoiEE &N K E < ofpode FERIG A K E
v “Non Arctic area” (23317 2 HITBO 3R 47 Arctic area” (23517 2 BRI RICE E S D

RELEZD,

ERER K NN D Y X7 2B E LT Arctic area (Z351F D %R O VLB X

Non Arctic area {23315 2 ZAUTHEE L TS W EFERTE D,

Arctic area |23 TUIMRANEE) & O KB R ORI W THIfF S Tl 0 | FEEH)

BICOWTIFAIS R EETEM L THEHE T=F =T DLEND D,

Non Arctic area |23V T, ARMERRFEEICKT 5V A7 2 @EET 5561X. ECA-S D

B ER & Bl & O O K OPEHERRZ B & U7 BEF O 216 13

LZELERABND,

A7 E R R RER & b DAL I W CiE, BIEMSOHM R STk SR A

i D L O RIGRITEIH I TV R, WICHIRBEAEEEDE LTERYE=4—7

ENREBRULBEIIRDEBZOND,

85 TI v h—RUAIBRTOELD

LAC O HIJ8 % MAC (marginal abatement cost; 1 g D LAC HIJBIZ 372 2 A N & fiin oD #
BRE LCGHET 26 0) & LTI L728iE . BEFiRCh-oTH CHEHIMAD AHE
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(2104 [E TEfi L 72ForestBIOTAY 2 ¥ = 7 kM B LT Z 1 b OHKIED /3 AiEl &
EMRNRIC L 2 EFRILEEORBEBREZH G Lz (K5 ICP Forests 2011), & DOfEH,
MM L D ERILEEN38kgNha ' yr "2 2D & KEHARIE D EE H340% AT 12
720, 80%D Ty MR ZDEEZBATCNDZ EaEML TS,
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5. BRINDICP Forests® 7' 12 v MZBIFHAMAWIC L HERILEE & ERFREICHEG LIZK
B AEE D E|S  (ICP Forests 2011)

Giordani et al. (2014)i%., kiR L7zForestBIOTAV' 2 =7 FERUT—X &y b (Z
ZCII286fE & xt5) #HWTC, AKX 2 ERUEOHERNAWELZHE L, Bk
L7 & 9o, MiAKFED ALY OFREE 7201 e FEEE D K 5 72 IERRY 70 B FR R D
WEFEORBLZIT DL, (E (RE. RE. SE, HiEpH, BKE), HHNHE
18 (R | AT A B | T T A L 22 f) /0 A i 12 (Clark-Evans index) ) & OV53)'E (S-S0,
LEEDlogfE, MEFRILERDlogll) ORRERT L MASREOFMME FEoBEFE, ¥
SR KAMAKEOEIS) & OBENEEA LT BRRSITEZIT R, K
R A DB S 2 T HEIC AW BA N NS ORER FIZ L > T b ST
<, MERILEE HRARICEDEER) Dlogllic k- THHA S, #rio, BH -
EHOHERMZ R L LI25GA 1, KEHASEEOEIEG OO T4% RN HA S iz, X
61T, PRINFIC L 2 EHRILEEDlogfl & KAMAFHDOEIG OBREZ R L, ERILE
E7230.6 (F94kgNha'yr!) HINT 5 &, FS0%E TR T LA, 22Tl HRbIEEER
PR et 7 1y MBI 2 KA DOEIG & HEHE L LT, 95%IEHERR O LR
EDRENLEREZTAL (@), SHICTREDZENOLAEITHIT LM (b) LIE
JRIERR & DR OXENE % | i R AR L £ L (Pinho et al. 2012) . 0.38 (2.4 kg N ha™'
yr') CHEE LT, £72. T5%OHMT 1y MW T, ERUEEVERATELE
WLTEY, FRZAT X, RAYRORT v~v—7 TELWIZ EDIRINTZN, AT
TFET ROEROFHRT 7y hTIRIFE A LBERAWERB CH-o- (K7),
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RAME (CLO) 1%, 038 (F24kgNha'yr!) .

80 e O H B . "
- .
21
w AL |
. 4 -
.
-~ _-"If'
# o - 5
L +..-‘I|r’-
t ] . ._.'
1 T } ‘1
¥ 4 . .
¥ i L1 ! }
fig # N
- l-_'.__-l.
- "'!:'?"t,-
{_'. " J e . ,
. prl i
i~ Sy .
it L ri = ‘:." -
- - - byt 4
- i 3
--.;,':.?:l - .1_:'
| . ‘ .
1 --\J_. P
- ,
* §
.‘-

7. REMAARD AT & O HEE SNTZBMN OB T 1 > MZBI1T 5 ERERARTEOBIE
£ (kgNha'yr") (Giordanietal. 2014). 7 4> T > KD 7 v v MIBITH#BiEEIL. 1kgNha!
yr R EIZI - 2kgNha tyr ',
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MK A BB L ERORERAAMEOREIX, [UEHFO R 5 Sk Cifmsh <k
D, Z< OBEEFHRNTICLD (B) ERLE LT, KEOA LI MNERT > kv
MTIE3 -9kgNha'yr' (Geiser et al. 2010) . M T O FFEA TIE26 kg N ha ™' yr!
Aiii (Pinho et al. 2012) & 2372 ) HUEs-PHEE HiEIZ L > TH 872D, F7-. Geiseretal.
(2010012 & % & HifHH~DEFIEE ORI, LEE LV BKPONH, BEIIKTT 5
AR ONDZ Enb, YEME CIEBKELZZE LERAMELZREL T D,
KAWL INETRESN TV HIKELZ BE L - BROEA AR EOER#RE 2512
L7z, Geiseretal. 2010)IC L > T Ea2—I L TWDILEIZOWTIEREKE S ff TR
L7z, MM ESCHEN Z DR 2 oo, #ihygEH 5 (Pinho etal. 2012) D7 — A%
B, i A EE L ERZ0OERAAMEIZIOkgNha yr Rilchr EEZ 6N,
FRICTERBHEREORG ) Z5HmEE L L7258 13 BAKENE L < 2V HLE (4,510 mm)
&, BRFOBERAMEILS kg N ha! yr "RiiicdH 5 (Fenn et al. 2008; Geiser et al.
2010), ERIN104 [E CTHEHi X 17-ForestBIOTA”' @ =~ | (ICP Forests 2009; Giordani et
al. 2014) TIIRBIMAIEZ AR E LTV D, EROERAT EIZFEHFICS kg Nha ' yr!
Kl ThH o7,

Giordani et al. (2014)I2 X % & TERFBMREOEIS | ITRKIBYREAELRHEENRL O
RpoleZ & Fo TRRBHO RMAIADOEIG ) 1IRKIGE L DR ERMEANRS
NTEbOO, BE - RELLHEBENRH D, ZNBICE DA T APRRBINTTZH, 4
PR CITHIC TREHIAHDO TG ) 2SFHIiRI 5 & STz, Geiser et al. (2010)<°Fenn et
al. (2008)DFHAHIL TN L~ULTH V| ForestBIOTAZ 1 ¥ = 7 I EEE ) 5 3
v NMEFEEE TEETRUNI0Y [E A2 FdHR S L TR0 | FHliOxtS & 7o 7= 2EM A
—ADBRESBRDLZ N, FHMIEEOREICHEL B X T EELERIOND, —F
T, HEESHEZBEZOBRAMEIL, & biZ5kgNha yr 'RiicH v . Frlz, 40% (F
DEIE) %EME & L7-Fenn et al. (2008) X% UNCP Forests (2009) Tik, FEAlxE 23 & &M
L RBIMAIHE 72> T Db00, HESNEEROWERIL. ThZNIIKD
38kgNha'yr 'EIVMERE LN TND, ZNHOREENS, HIAKHEAEE L -ERD
B R A 4 S kg N ha ' yr 'Kl (12132 —dkeNha' yr'!) ICRETHZ Ligmye
EZ B, ForestBIOTAZ 1 Y= 7 FTIE7 4 > T2 REO L MEEE L E T
2 e, BEICbEMARRETH A 5, 4ol (V> F7) OEIZZIOF
Ui D UVIEZNLL T D L~UZH 5058 B D K 5 72085 & D72y v BT DEIC
IS DB TR & LTl -3 kg Nha ' yr "FREEAE S0 H Lvu,
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*z4.

INFTHREINTWAIMKELZEZE L -ERZ0ERANE

Huigk - REEH (B BAATER k&  FRAEEEYE - BRME 3CHR
AH) (kgNha'yr") (mm)
etk (> K7) 1-3 BEARCSIE Pardo etal. 2011
g DA, B
REDKT
Jetstek (> K7) 3-5 WERZEDIXT  Bobbink & Hettelingh 2011
et (Y K7 <10 BESHEAZE W Gordon et al. 2001
E—X) & BIFEA
Jetsss (2 A7) 1-3 AR D2 Pardo et al. 2011
et - 5-15 PABHEEDIKT  Bobbink etal. 2010
R (RN 5-10 LA [l -
AU N - 2.7 440 BREMEDOE]  Geiser etal. 2010
U b GR 5 1,860 & :30-41% EH
HHTEERAR) 9.2 4,510 Gl
BT A =T N 3.1 L110  [@E:40% Fenn et al. 2008
v s (R 26 BREMMEDOE]  Pinho etal. 2012
) & xR O
95%fEHE XD
T % B JE
RRM 1077 [E] 2.4 REMAEEDOE]  Giordani et al. 2014
A o xR E O
95%(EFEIX[F D
T & B &
3.8 KREIMAHHDOE]  ICP Forests 2009
A 40%
ERIR ORI BIX, RS2 VK< T kg N ha ' yr REE & RS DT
DM, T DX A IV (Taymyr) F504L7 7 24 T, 10kgNha ' yr ' 282 2

HHdHsdZ ENERHINTWD (Gordon et al. 2001), FEEOEZDH A AR E LT

HE, TTICHBL WAL HD Z ENREBEIND, £,
X5 &, FHEAMT I 722004-20064F (2
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DEERARE 24kgNha'yr!) OMBIEBEIZI kgNha ' yr 'Kifid 5\ id1 —2kgNha'
yr 'BE (K7%258) THLZ D, EFRILEEL L UI3-4kgNha' yr 'F2ET
bHoloZ ENHERIND, ZORR TOERIEEIL, BZFRICH T 2 AR ORM
REEESELERAWEEZD L) EBATBRETHLIN, Bk Lz X 5 Il ES
BEDOREIZL > TIBA RN Y XY OHEFHICH D L bEXOND, Sk, LA
HEOPERIC I > CHAE RO EF LB BN —2kg Nha ' yr BEHEK LT TH .
RAfTE L MEFEICEERT D AREEREX bND,

(3) 7997 h—Rr (BC) L5

BC OHIARFH~ DB EIC OV T, 2014 FEE, &< HEIERV, EYORIR
~OBIZRET 2GRN TW D, EF, s B o ST R A R 5E B & o
PUEIREII 2% 208 U C, BC OEFm~DOILE T 1 AU L D BAREBREED
T ORREMEE R S ORI, #IRIEOZL <IE BIRmEICEELTEFTLTND S
Loz, B L7z X9 ICHiFfRITEm AT 5L 5227 F 7 IR L TELT,
X0 BCUHEEFIIRH L TEZENREGNEEBEIOND Z 00, ZNLOBARIEIZET S
HREIX, BC OMEH~DEENEELEZ D L TEEIIRDLTHA I,

PM2.5 EDORUINBLTIZ X A EWSCBIAR ~DBE R EIC B3 5 EBRAIFEITIET I
FR 54TV %, Hirano et al. (1995) 12X 5 &, 20UV T+ A HEER 7 (BRR
—&4 KL) 2F % U NN—HNTRETD L. HEXDEEAEENRAD L, 2 EICHE
DELNT-Z L2k TEHEE) ks boTho7z, —F, BC (0.03-0.20 um)
AR LT GAE, BORmIBED LA L ARBORENER Lz, 2o T5E EFRAR)
T, e Gkt THDH KL LV, BETHS BC TRENSTLIEEEMLTND,
Eieo THEZR) & THEREROR] L b KFICKDORINEICED > TEY
AKEETHRLETDH BC OERZ NWINMEKFE(LAEY (light absorbing carbonaceous
compounds, LAC) & L7236 EULHBLHED I A T L LTINGLEZZETRETHD
Z LR IS, Hirano et al. (1995)1C £ 2 #E 1L, BC FOMUINKLT Dl ~0 2
2R LTZID TOEREF TH o728, BREBEEDPHENZ <. KL XU BC I, £1
ZRIEmMAE YLD .0.7-4.0 XT*0.4-1.3 g Cm (700 — 4,000 & X400 — 1,300 mg C m2)
HILELTHY, bk, BEITCEEEROEFE CBH SN LV ThoT,

—7J7C. Yamaguchi et al. (2012)i%, HEROREHLRBATHL T, AXTA, BT
Y ROAFO ARHE 126 L, BCUMNLF 2 F v o N—NTREBEEZIT T8, 2R
HoOBZREIZHLED LT, BCILAEICKD2AEHEECKREDAERZ(LIL 4 BfER2TTHR
Sienotn, ZORFOILERITERME L=V 0.13 — 0.58 mg C m* (Yamaguchi et al.
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2012)T& v . bk L7 Hirano et al. (1995)0 BC ILEEICH AR LM TH 7L<, ZD
B3 1,000 5L B OB E N H o 7=, & Z T, Yamaguchi et al. (2012)DFFZE S L—7"C
(X, BRFBEAEFAICHEC LA RRERAY FE L, 482 T CTBCILEICL DM
HAREENABEIET L, ZTOIEIIBFEIC L > TRR - TND Z EEHALMNIC L
(FEZHS 2014), ZHUZ XD &, BC ILEEDOHMNTHE S MG A RORE O TR E X
ABTA ST FS>AXS>HIYDIAIZE LW ERALNE o7z, ABFEOMEE
BOEES 10%K T35 BC EEIF,. 32 -39 mg Cm>THV ((FEMEDL 2014),
Yamaguchi et al. (2012) D EHIZFTE LR THER INTZED, I HIZ—HidH D WIEZHZ W
ETbhoT,

B /MBLHI Tl Fukazawa et al. (2012)7%, JLMREIZHEAR S T2 T~ 2B FE OO 5 fhp
RIZBWT, BERTD 9 AIZmV Gm) ROMEWEL (1.5m) 7S L 72 %EmIZE
L TCWEBCH, N2, EEMAEYZY 23 K006 ugCem > (23 XX 6mgCm™>)
THY, BMUVHIFEBC 2 ERBLTWEZZ E2MEL TS, £0 ) BRIHESITK
THEF L TCHHEME T, 70 aRmV AT F I IREY v 7 A2 52 &L TS
N exz@ELTWD, 2O X5 ICHEICERICME LT\ D BC (@ BC) O
X B OB R OMEWE T, ZN T 0914 K102-08ugCem > (9—14 X2 -8 mg
Cem?) THY, IV EVEIFEBCEZ L ERML Tz, MUV SR IRIE %
ERELT W &k, BEmRL TR OESRE % HE L7z Takmatsu et al. (2000) b 54§ L T
W%, E£72. Saseetal. (2012)I%, FrBEDOZ XK, ¥ A ORER R 5 BITE (kS -
Shorea henryana, Hopea ferrea, and Dipterocarpus turbinatus , V% % : Pterocarpus
macrocarpus, WEMWIFE : Acacia mangium) (ZB\WC, ZEmR BC E&AZHE L& Z A, #
L > TR FROEEEL LCE, AF, Fik, %EM, ERBEOIE TS
<. ZENZEN 268, 100, 93 X1 108mgCm*> ThHho-Z LEMEL TS, £,
HRREHC BT, REELIRE, EmICHERT S BC B3NS & BICERT L0,
1THEER\ LZETITI IZE—EDOEIZD Z b HEIN TV D (Sase et al. 2012),

FROF ¥ o N—FERKR OB ORERNOHE LN, Bl BC &L 2D ELE
SICELDT, Fr o N\—FEBRIZCKD¥ER BC &L TOREIT, MEICE > TREHR
725 T Y., Yamaguchi et al. (2012) TILH Rk « EHE OB IER K OIRFER 2 73— L TV
HZ N, 1mgCm T2 720 &K 5 723EH BC OFRTIL, &5 IFE A EDRTE
(CRENHIRNZ EPHER S D BIR EEM DEWNTH 2 A3 2l BC &3 L8l |
B10mg C m REEE T THERDE] LI REREEDKT (FFEHD 2014), X
HITHIR L TH 100 YA R/ % & THER ER2R) 12X 5KGHEKOHE K (Hirano et al.
1995) L\W9 Koz, BENRRKRELS R0 E LR (F6), Hirano et al. (1995)73

SEEER2—14



WRARTWD LI, HRIED /NS WEHEO KL K+ Tk, HAREL EiE XA
B RITROND b OD, BCRFDO X ) ARER EASFIIR STV, Zhd,
EHBCENBERDZLICI D ZOHBOENTNERD V) A[REMZ XL T\ 5,

#F5. BARICKIT2IERBC &EEEDRE

HEtEY ZEH BC & BCit&ED Uk
(mgCm?)™ W
F o N—FEER
e X = 7 U Cucumis sativus 400 - 1,300 R FH  Hirano et al. (1995)
[EIN 7F Fagus crenata 0.13 L Yamaguchi et al. (2012)
RWIZRE A XA Castanopsis sieboldii 0.69 L Al E
2™ 717~ Larix kaempferi 0.32 L [l -
A Cryptomeria japonica 0.58 =L @l =
AR 7 8.5 Mt & R FFEH5(2014)
mRE ¥V 3.2 HE 10%  [FE
7= 39.0 i A -
A 12.3 [k
B ]
[EIZN 71 Z Y ZZEOFE 2, 3.0 m high 9-14 HH Fukazawa et al. (2012)
717~ ZZELFE 2, 1.5 m high 2-8 TN E=
AFX BHI Sm 26.8 HA Sase et al. (2012)
Shorea henryana”, & & 10-15 23.5 REA =
m
Hopea ferrea”™ 6.0 HH [l &
Dipterocarpus turbinatus” 0.4 T~ [k
Pterocarpus macrocarpus 9.3 ~HH Cil
Acacia mangium” 10.8 N [ E

Note. "' 7@ n 74 L ACERHSHMH SN BC GREICERY v 7 AAHE) ;7 77~V K
T : Larix gmelinii x L. kaempferi, > 5 A OBFEIC OV TIIABR D IZ LY 10-15 m OF & OFED HERE,
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#6. EHBCERLBEEINLHE

EHRBCE, mgCm*® MHEINLIPE e
<1.0 L
- 10 HEREHEEDERT (10%LL L) H 2205
#0100 < KR DR IR L5

—5 T, /MBI CHAE S QW AR BC &L, BESCHOBSIICL - TRERS
OO MERIERFELS 72V 10 — 30 mg C m > DHiPHIZ I - 7= (Fukazawa et al. 2012; Sase et al.
2012), ZAUIGFEHES (2014) AURL7EZ THRESE] 12X D EHREEOKTNALT
BLOWLEL~NTHY, BT~ TITHBEOARMEIIAHATH 5 b OO, Fil ik TELIA
SN/ AFOZER BC ®lE, T TITHOEABOEE D 10%E T 5 BEZ 2 fFU LB T
Wiz, ZZCHIESNIZAFEL, EIN5m BEOHNOEBSNILDOTH DA,
Fukazawa et al. (2012)<° Takamatsu et al. (2000)23 5% L T\ 2 X 9 2@ WEL DT kL
FRYE ZERT L2EMNH D720, Bl TOER BC &I S HICE WAL
bbb,

ZID DFEROMLIA~DE N 2 & 2 7286 . [ALZFFIZ 2 WHIEIRIZ W T, Rl
BED ERANED XS REEZ LTI AATH D, — T, MABEITHMHEE R
T & RSB AT 5 2 Lnh | BCRLTOILEIC L D AREIL, EAMICFELT
E ORI L DB E L SE D REMEIT S 5, 70, AT O X O 1T EE
TRENICFRICHAT TAER L TWD Z &G, 20O X5 2RINEDBCH.F D& HIf) 72
WEDOKEL, LVEHEMICZTLEELH D, Ko T, A ~OBCK FILE D
WEEEZLGEDL. FEADL (2014) NG L723 40 mg Cm OBCHEEN—DD
HZLRDTHAD,

BHEICE AT DMEIEEZE 2 25613, BEE~DOILEELHFT T OLERD D,
Sase etal. (2012)I%, FBE CHFEHET) KO¥A (FarIFyr~E) 2BV TER
BCEIZM A, MAMCHNTIC L » THLET Z2BCEBHEE L, MWEIZB T 5 4R OBC
WEN ZET LTc, EOREE. BCh I EITHMRE CHREICIEE L, —HIEmIC
1% L7EBCRLFIIBEAKEIC L > TEGICITMEIN T, 20IF & A SIFEmICTRENIZ AT
BIDHZELEEMOMNI LT, LL2Rns, RCTarIFy v RORBRMT, 1
Ty Lyl (REEFRERNOHE SN DML EERE & RKUEEZ AW HEEHE)
W2 Lo THERF S N7-BCHZMEIL A B (Matsuda et al. 2012) & H#3 5 &, ME CTEERIZ
WAETL2OITKT0%TH Y (FAHS 2014), 750 I8 B mEICTEE T 2 2 RIR T8I B
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B3 LTV D A[REMEDS R & 4U7-, Sase et al. (2012)1, EAHABHE O BEH A8 1 LR R HAE O

3B EIZH Y, FREOHRTILET SO THNITH AR ICIEET HBCE (B A
BC#&E) I, R K CEHBCEDIO%IEE & RFEH > T 5, Granier et al. (2000)[X~7 7 #k
TN L7z /K SCFEIFRICEB VT, RS 5 HEH U= R EfEEES(SAI surface
(leaf + stem) area index)?S, Fx K6 m*m > LA ETHH-7-HDONEFIIFLSm mREE T
KT+ L28ELTEY AFEOSAINHESCHEOREREEZ XML TNDE LTS,

IIHORERNG, EEREEBEEEOMRERE S ET D & KA L#E
(ZEET D MRS 2V OBCIEEED S B, RIZHIES o T, £ D25%FRE S
FEIZEET D EHESND, Fl2E, BALEES -0 oERE (Fif) 22X ITHEET
H LR (LAD 2345 m’ m > CThiud, RERRMEE L TIIm m RBESH D | #
BRI RR CIm* m R E L7225 2 L h, BAMH R EFEYS 72 OBCILE ®IL, il
HFEY 720 DIEEED25%D 5 EH, 52340 1RE (K8%) LHESND, MK
23 — 40 mg C m  FREA ST 572 0icix, LHERE S 7~ Y 38 — 500 mg C m 2 & DBC
WEBRNVLETHS D,

ERLOR R D A MASED & — AT A TREDOFETZH, BE LTV WFRAROARIR
M D F R EEICEE T 2 HMATHOHZE T, THIEE Y- OKRK[RILERELDO LD
DHIRR~OILERLEEZDNDT-0, BCILEEN3 —40meg C m EEHIE, BIEZD)
ROFBEEEBTRELINIIHDLEEZDHTHA I,

4. ABIREFDITI T ZHBMERORKIBFLRIC L 5 EBREEDO W REM

VT 7 A A T AMHE RO RKIGRP R E RFEEIZ 2> T D, 77 AT
FAED 7 me ZA 7« A=)V 8T v ¥ a2 JENERRRO AN 77 = — {7 LA
¥ A FENLARE EPRER T AT o+ — BB N v U —E I A VT RS R
ZEP LD OHATH D WVIIERT 2 —FH T EFICLKEL L RADOME & EkEIC
K VPR AT A DYEEDIG T Biv, W LIeHET AR 2 2 B 7 PR 2 | &
#£ 29 (X 8 : Schirokauer et al. 2014),
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8. ruy A7 - A=V Ty V2BVERARNDAD 7V = — (Skagway) HEIZEH
THEIN—AYy THROBREZHIEE (L) RO VA ¥y —~_A BB EHITT S
IN—RyTh 6B EBME (F) (Alaska Department of Environmental Conservation and

National Park Service: Schirokauer et al. 2014)

KRRERZNICET HMMMEEIIFE R T T A D I2EB T 5 ENARSCHRRERXICE -
THERMETH D L ORH O EVARFBTIIRRET=4 I v 7 OBEEZE <
LCTW5, 20084 K UR2009FE-DSH N HIA FTOBN T — Xz, kikor v 24
7 e A=)V RT v v 2 ENERAREOK O OFERS (K9) 128\, LA
PRIBEH SR OPE T A AR EER O RREET =4 U v 703 4172 (Schirokauer et al.
2014),
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9. ABMNERINI-FEET 7 2 W DOENAREEZ (Schirokauer et al. 2014)

RTUIRy v TH 7T —% O THIE 3072 — R K O IRIRBEAE A O -3 B
%7~ L7z (Schirokauer et al. 2014), % < OIFEWE DO RKKIREIL. A1 70 = —¥IBJE
WTEL . FRICEBZ AT AT L9 &2 & % Lower Deweyt 1 F Tl b & <. NO,
RONOXDIRE LWL T T AN D Ay 7 75 7 > FHIBORE (NO, <0.001; NOx
<0.015) XV H@ENITEWI ERfERM STV S, Lower Deweyh 1 RSMNE, U 7
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F/v=7 OHEHEE SR U L -uicdH -7, Lower DeweyV 1 b Tid, NO,&XUNOxD

—IARES O EiEIL, FHE 120 ppb L TA100 ppb % B 2 HENBIEI STV 5, SO,
BNy 7 7T KLUk (00026 —0.130 pgm ™) L D @ncm <, —EBELEE O
REfE L LC21 pgm A SN2, 2 THUS EPARLIETED TWZEETH D

FEMEEIE30 ppb (K80 ugm™) L0 HIEWZ LRI T 5,

RT7. BET T AHOBN— X NTBT D — R KO IRBREEA R O LB R RIEE
(Schirokauer et al. 2014)

F:GLBA : 7 LA >y —_AEILARE. SITK : > M HEMARE, KLGO: 7 a KA 7 « I—
VRT3 2 [EERARE. SKAGWAY : AH 77 = —iE T

ERILAEEIT, I TLOKg N ha 'K, MR THE < OHE, 1.0kg N ha 'Kl
THY ., Geiseretal. 201012 LD AL TN - T M AN TRHRE SN HATHEZZE L
EFBILEOEMAARNE (27-92kgNha') X0 HEWVWL~THD Z EREHIN
TW5b, £z, AR Cilgam L CE72dbBIRICH T 2R AW &% S kg Nha 'R 2-4
keNha'yr') K0 BV, L LAans, MAKET OERRE IR L 2EFRT
EaEARBRMEEND o7, £70 KA T 7D = — 8 DLower Dewey 1k TIINOx
RELELIELS, MEROEZOFENT CICEHEL L TWD Z R ER I,

MNFRIC & DL i3 Lower Dewey A b TIZ20084E & U009 (24114
FM0kg Sha ' DNk SN TN D 2, oA R Tik6kgSha 'K Th-7, LnL
BB, T D ORI LK IR O RIS &iX, HAREF ORBERE, SOt
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A & @V B 5 Z E R S N7z, £, KI0IRT K 91T, SORED LA
IRV, SOJEZMEHAIADOEI G0N E LA T2 2 LRSS, ZREEH L7ZSO,
DEFR L~V (Z VT 4 AN LL) OFENRE ST, SOEZEHILHDOEIG D
B % . hardwood & FEIZHL 2 IRZER DA #452% L 35 £3.1 pgm ™, #HEEM OGS %
232% & 95 E335ugm ERDHT EMND, 3.1-335ugm > (1.1 —12.5 ppb) DOHiPHT
SO,DEER VI ERETHZ ENEMYTHDL ERBBINTZ, ZOGE., EiLot A &
® 55, Lower Deweyt A F Cidx 3 CIIJAEBOEER L~V A X TWD Z EPRES
no,
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Abbreviations

Automatic identification

AlS
system

BAU Business as usual

BC Black carbon

CAPEX Capital expenditure

CO, Carbon dioxide

DNV Det Norske Veritas

DPF Diesel particulate filters

EC Elemental carbon

EPA Environmental protection
agency

GT Gross tonnage

HFO Heavy fuel oil

IMO Intern?tm.nal Maritime
Organization

LAC Light absorbing carbonaceous
compounds

LFO Light fuel oil

LNG Liquefied natural gas

LPG Liquefied petroleum gas

MAC Marginal abatement costs

MARPOL Regulations for the prevention
Annex VI of air pollution from ships

MDO

MGO

MEPC

NaOH

NGO

NO
NSR

NWP

ocC

oM
OPEX

OPRF

PM

SFOC
SOF
SOy

TBN

Marine distillate oil

Marine gas oil

Marine Environment
Protection Committee

Sodium hydroxide

Non-governmental
organization

Nitrogen oxide
Northern Sea Route

North West Passage
Organic carbon

Organic matter
Operating expense

Ocean Policy Research
Foundation

Particulate matter

Specific fuel oil consumption
Soluble organic fraction
Sulphur oxide

Total base number
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Executive summary

In a recent study black carbon (BC) is estimated to be the second biggest contributor to global and
local climate change (Bond et al., 2013), but shipping currently contributes only a few percentages
of total anthropogenic emissions of BC. However, emissions from shipping may contribute a
greater part of the total BC emissions moving towards northern latitudes, and is reported to be
responsible for up to 70 % of Arctic warming (Lenton, 2012). The decrease in Arctic sea ice extent
opens up for increased Arctic shipping, and hence the BC emissions are expected to increase from
Arctic shipping. This study looks into the reduction potentials and cost effectiveness of three
different BC abatement technologies: diesel particulate filters (DPF), scrubbers and fuel switch
from heavy fuel oil to marine gas oil. The scrubber technology is assessed in three versions (open,
closed and hybrid). As an example ship a specific cargo carrier, which is operating full time in the
Arctic and which has an installed engine power of approximately 20 MW, is used to estimate the

marginal abatement costs (MAC) of reducing BC emissions by retrofitting the three technologies.

In this study BC is defined as light absorbing carbonaceous material (LAC) defined as the sum of
organic matter (OM), elemental carbon (EC) and ash. A universally accepted definition of black
carbon is not yet in place in IMO, and this study also looks into the effects on costs and emission

reductions when defining black carbon more narrowly as EC.

DPF has shown to work efficiently at on-road diesel engines, but there is not much experience
with the use of DPFs on vessels, and in particular only sparse data with the high sulfur fuel (HFO)
most commonly used in shipping. Although the technology is not yet available, this study assumes
that DPF in the future will work in combination with HFO based on recent research and
development. DPF is expected to reduce LAC by 37 % and EC by 85 % the difference caused by OM

on a gaseous form at the exhaust gas temperatures and hence not captured by the filter.

The scrubber cools the exhaust gas temperature, and cohesion of small-size aerosols and
liquidation of some OC can be expected. For this reason the scrubber is assumed to capture both
LAC and EC by 50 %. In the baseline scenario this reduction rate is used and the exhaust gas
cleaning is with open loop scrubber or hybrid scrubber on open loop mode. The scenario where a
“no discharge area” is implemented in the Arctic and the hybrid scrubber must be operated on
closed loop mode is also examined. The fuel switch from heavy fuel oil (HFO) to marine gas oil
(MGO) may, besides a reduction of SO, emissions, also induce a co-beneficial reduction of BC
emissions. The reduction potentials used in this report are based on results from a study
conducted by Germanischer Lloyd as included in the IMO Second Green House Gas Study (Buhaug
et al., 2009). They found 76 % reduction of EC and no reduction of OM when the sulfur content
decreases. The ash content is reduced 100 % when a fuel with only 0.1 % sulfur is burned, which
results in 41 % reduction of LAC.

The fuel switch has the highest marginal abatement cost in all scenarios regardless of the
definition of black carbon (0.45 USD/g). The large price difference between HFO and MGO fuel is
the reason for the particularly high marginal abatement cost for the fuel switch. The marginal
abatements cost for the DPF (0.09 USD/g) is generally higher than for the three types of scrubbers
using LAC-definition (0.06-0.07 USD/g), but the marginal abatement cost of the DPF is the lowest
of all technologies in all scenarios using the EC definition. This is due to the DPF having the highest
abatement factors with respect to EC, whereas it has the lowest abatement factors with respect
to LAC.
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1. Introduction

During the past 100 years the temperature in the Arctic has
increased almost twice as fast as the global rate. The warming
has induced a longer melt season and a decrease of 7.4 % in
Arctic sea ice extent per decade during summer since 1978 (IPCC,
2007). A minimum extent of Arctic sea ice was observed in 2012
(Perovich et al., 2012), and the Arctic Ocean is by midcentury
projected to be largely ice-free during summer (Smith and
Stevenson, 2013). According to Lenton (2012) up to 70 % of
Arctic warming is caused by black carbon.

Black carbon (BC)'is emitted from incomplete combustion of hydrocarbon-based fuels and it is
the most effective particulate matter at absorbing solar radiation (U.S. EPA, 2012). BC may impact
the climate directly through absorption of incoming solar radiation and outgoing radiation, and
indirectly through cloud-interactions. Furthermore, deposition of BC on snow and ice results in a
positive snow/ice albedo effect, where the darker surface results in a decrease in albedo, which
leads to further warming (Bond et al., 2013; Arctic Council, 2011) and an increase in the melting
rate of ice and snow. BC is a so-called short-lived climate forcer that in comparison to CO,, has a
short lifetime of days to weeks. It is therefore a regional forcer with its highest atmospheric
concentrations near the emission sources and during the seasons of emission (U.S. EPA, 2012). BC
reduction strategies will result in climate responses within a short timescale compared to
reduction of CO, emissions, and thus mitigation of Arctic melting may be achieved by focusing on
BC reductions (Corbett et al., 2010a; AMAP, 2011). The BC emissions occurring in the Arctic have
larger effects on the climate per unit emission, because these emissions are more effectively

deposited on snow and ice, than BC emitted outside the Arctic (AMAP, 2011).

1.1. Black carbon from shipping

BC from shipping constitute only a few percent of total anthropogenic emissions of BC globally,
but shipping’s emissions occur further north, thus potentially having greater impact on the climate
in the Arctic. The decrease in Arctic sea ice extent has already opened for increased transarctic
shipping and will further open up for Arctic shipping, hence future BC emissions are expected to

increase from Arctic shipping (Corbett et al., 2010a).

The Arctic is sensitive to BC, but currently, no regulations exist on BC emissions from ships. The
Polar Code, which is still under development after MEPC 66, does not touch on air pollution from
Arctic shipping nor establishes emission control areas and measures on BC reduction as several
international NGOs recommends (IMO, 2014; ASOC, 2011).

This study investigates the reduction potentials and cost effectiveness of three different BC
technologies if applied in shipping in an Arctic context. It addresses the issue through three

activities reported here:

Y In this study the term black carbon is abbreviated BC, but this should not be confused with the
abbreviation of the term equivalent black carbon (BC,), which is the specific definition of black

carbon based on optical measurement methods (Andreae & Gelenscér, 2006).
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1. Establish the base traffic data of shipping in the Arctic and provide a simple projection for
future traffic data,

2. Review three key technological abatement options: Filter, wet scrubber and low sulfur
fuel switch, and

3. Calculation of Marginal Abatement Cost (MAC) based on retrofitting

As an artificial starting point it is assumed that a BC regulation enters in to force in 2016 with no
additional obligation regarding air pollutants or GHGs. As mentioned, the three technologies
comprise diesel particulate filter (DPF), wet scrubber, and fuel switch from heavy fuel oil (HFO) to
marine gas oil (MGO). As a baseline it is assumed that vessels in the Arctic are sailing on HFO in
2016 and the global SOx requirement with a maximum sulfur limit of 0.5 % does not enter into
force until 2020 or 2025. Finally, the MACs of the technological options are calculated for
retrofitting a single example ship and a number of sensitivity analyses are included. Using
retrofitting as baseline may be considered a worst case since including abatement technology in

newbuildings is significantly cheaper.
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Figure 1 The Arctic as defined by the IMO
in the Polar Code (DNV, 2013). In this
study the Arctic is defined as waters

north of 66 degrees.
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2. Current and projected Arctic shipping

The decline in Arctic sea ice extent may open up for new
opportunities for Arctic shipping. The North West Passage (NWP)
and the Northern Sea Route (NSR) are becoming more economic
attractive as the accessibility improves due to the shorter travel
distance between the Pacific and the Atlantic Ocean compared
to the traditional routes (DNV, 2010). This chapter looks into
current Arctic shipping and the projected traffic volume in 2020.

Arctic shipping through the Northern Sea Route (NSR) or the North West Passage (NWP) may
reduce distances by up to 50 % and 25 % respectively, and concurrently reduce the fuel
consumption, CO, emissions and travel time, when diverting from traditional routes between the
Atlantic and the Pacific Ocean (Corbett et al., 2010a). Corbett et al. (2010a) assume that 1 % of
total seaborne trade will be diverted to the Arctic between 2010-2020, and between 2020-2030
this number will grow to 2 %. While the NSR is already attracting increased transarctic traffic,
according to DNV (2010) significant commercial traffic through the NWP is not considered
plausible for many years ahead due to the difficult ice conditions in certain choke points, which
render the route unreliable with regards to transit time compared to the NSR. In a study by DNV
(2010) the Asia-Europe trade volume is in general assumed to grow by 40 % from 2006 to 2030
and by 100 % from 2006-2050.

A number of definitions of the “Arctic” are available: the Arctic Circle at 66 degrees 33 minutes N
could designate the southern border, the IMO in the Polar Code (Figure 1) uses 60 degrees N while
omitting a section (DNV, 2013). Here, we include the traffic north of 66 degrees N and in parallel
with the Polar Code omit a section. This definition is chosen since the traffic volumes along the
Norwegian coast, around Iceland, and north of 60 N in the North Sea and the Baltic Sea are so
dense and therefore would dominate the data by far. Since the ice cover in this area is also almost
non-existing the area may be considered functionally excluded from BC impact in the Arctic

(Figure 2).

N Y
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Figure 2 Arctic Ice coverage in September
2013 (left) and March 2014 (right).

Table 1 AIS data of number of vessels
operating north of 66°N between
November 2012 and October 2013. No
vessels larger than 100,000 GT were
recorded.
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AIS data obtained from ExactEarth on the numbers of vessels sailing within this defined Arctic area
between November 2012 and October 2013 (north of 66°N) has been provided by Ocean Policy
Research Foundation (OPRF) (Table 1). The distribution of the vessel sizes and types are illustrated
in Figure 3. The most dominating vessel types are cargo ships and fishing boats. For each type and
size category [GT] the maximum engine sizes, time spent in the Arctic and energy use during the
period monitored for ice class 1 vessels were identified. These findings were used to decide on a

specific “worst case” example ship (Chapter 4).

GT/ Type 500- 1000- | 3000- | 6000- | 10000- | 30000- | 60000-

0-500 Total

1000 3000 6000 10000 | 30000 | 60000 | 100000

Cargo 15 85 355 175 104 60 3 797
Oil Tanker | 4 9 59 46 57 77 252
LPG/LNG 6 1 7 14
Container | 1 1 12 19 25 21 3 82
Passenger | 4 1 11 12 5 15 2 50
Fishing 31 123 268 149 44 31 646
Working | 10 20 69 35 20 13 167
Ice-

1 2 1 19 7 30
breaker
Other 1 1 3 5
Unknown 1 1 1 3
Total 66 238 765 438 252 251 33 3 2046
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Figure 3 Number of vessels in the Arctic
by ship type and size 2012- 2013.

Table 2 Annual growth rates by vessel

type for in Arctic shipping from 2004 to

2020 (Corbett et al., 2010a).
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The Arctic sailing season, which is defined as 25% open water and 75 % sea-ice cover was in 2013
70 days (DNV, 2013). In 2030 the Arctic sailing season is by DNV (2013) estimated to be 100 days
and in 2050 120 days. These parameters and the projected bunker prices are in the study by DNV
(2010) used to evaluate the economic attractiveness of diverting the traditional routes through
the Arctic. This amounts in a total of 480 transits in the summer of 2030 and 850 transits in the
summer of 2050. Today, the Arctic traffic is dominated by Arctic destination activity rather than
transits (DNV, 2013).

Arctic shipping traffic is assumed to increase within a variety of activities, including cargo
transportation, tourism, and resource extraction. Based on Buhaug et al. (2009), Corbett et al.
(2010a) have defined a business as usual (BAU) scenario and a high growth scenario for in-Arctic
traffic for different vessel types (Table 2). These growth rates have been used in this study to
estimate the future shipping volume in 2020 from the AIS data provided by OPRF (Table 3). When
the vessel categories in Corbett et al (2010a) and the AIS data did not match, a regional annual
growth rate for CO, emissions of 1.96 % in the BAU scenario and 3.18 % in the high growth
scenario was used to extrapolate number of ships in the Arctic by 2020. The growth rate applied

for each vessel category in the AlS data is provided in Table 4.

Vessel Type BAU Growth | High Growth
Container ships 2.98 % 4.77 %
General cargo ships 0.29% 1.13%

Bulk ships 143 % 227 %
Passenger vessels 0.68 % 1.53%
Tanker 4.46 % 531%
Government vessels -0.08 % 0.77 %

Tug and barge -0.08 % 0.77 %
Offshore Service vessels 2.19% 3.04 %

CO, emissions 1.96 % 3.1%
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Table 3 No of vessels by ship type in 2013
and in 2020 for a business as usual scenario

(BAU) and a high growth scenario.

Table 4 Growth rates applied for the two

scenarios and the different vessel types.
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Vessel Type Total no. of vessels by| No. of vessels 2020| No. of vessels 2020
typein 2013 (BAU) (High growth)

Cargo 797 813 862

Oil Tanker 252 342 362

LPG/LNG 14 16 17

Container 82 101 114

Passenger 50 52 56

Fishing 646 740 804

Working 167 191 208

Icebreaker 30 34 37

Other 5 6 6

Unknown 3 3 4

Vessel Type BAU growth rate High growth rate

Cargo 0.29 % 1.13%

Oil Tanker 4.46 % 531%

LPG/LNG* 1.96 % 3.18%

Container 2.98 % 4.77 %

Passenger 0.68 % 1.53%

Fishing* 1.96 % 3.18%

Working* 1.96 % 3.18%

Icebreaker* 1.96 % 3.18%

Other* 1.96 % 3.18%

Unknown* 1.96 % 3.18%

* No vessel specific growth rate available, hence the average

CO, growth rate has been used
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3. Review of technological abatement
options

Three technologies are investigated with regards to their black
carbon reduction potential, comprising diesel particulate filter
(DPF), wet scrubbers, and fuel switch from heavy fuel oil (HFO)
to marine gas oil (MGO). The availability of black carbon mass
emission data from ship engines and relative measurements of
black carbon mass before and after treatment of fuels or
exhaust is limited. The black carbon reductions are thus
estimated directly, when possible, or by proxies, such as
particulate matter (PM) and fuel consumption reduction.

3.1. Data availability

The data availability of BC mass emission data from ship engines is limited in comparison to on-
road diesel engines, where significant exhaust treatment regulations have been mandated, e.g.
the European emission standards. Measurement campaigns have not been prioritized for ships,
due to the lack of regulation and the uncertainty among existing observations demonstrate that
there is a lack of data. In this study, measurements of BC emissions from ships are used to
evaluate the abatement technologies whenever available, but alternative proxies are in some

cases also considered.

3.2. Diesel Particulate Filter

The diesel particulate filter (DPF) is originally developed as a technology used to reduce emissions
of particles in exhaust gas from diesel engines within the on-road vehicle sector (Stuer-Lauridsen
etal.,, 2012). A number of different designs and types of DPFs exist, e.g. ceramic and metal filters,
but also foam has been used as an alternative filter material. The DPF is placed in the exhaust gas
system, and as particles are trapped in the filter the backpressure changes, which negatively
affects the engine operation (Majewski, 2001). To remove the collected material in the filter, and
lower the backpressure, regeneration of the filter is necessary. The regeneration moreover

extends the time between necessary cleaning of the filters.

The regeneration process differs between manufacturers, but overall the process is either active
or passive (Emissions retrofit group, 2012). By active regeneration a heat source, either electric or
diesel-fired is actively started while the engine is not running (Emissions retrofit group, 2012).
Tsuda et al. (2013) found that the optimum temperature for complete regeneration of the filter is
around 650°C. At this temperature the carbonaceous PM could be completely removed after five
minutes. Higher temperatures may result in shorter regeneration time, but also increased costs.
By passive regeneration the filter is coated with a precious metal acting as a catalyst whereby the
soot can be oxidized by using the exhaust heat, i.e. without any external heat source. The engine
transfer heats to the exhaust gas and upon heated the precious metal acts as an oxidation catalyst.
If the engine does not reach the necessary temperature, the filter will regularly clog and it will
have to be removed and regenerated by a cleaning machine, which heats up the filter (Emissions
retrofit group, 2012). Catalyzed DPFs are not applicable for maritime use, since the catalyst is
deactivated by the use of high sulfur fuel, which maritime diesel engines normally run on (Tsuda
et al., 2013; Corbett et al., 2010b).
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The use of diesel particulate filters (DPF) has been very effective in reducing PM emissions from
on road traffic. The DPF is most often silicium carbide or cordiorite based wall flow filters, which
can remove up to 90 % of the particulate emissions from vehicles (Danish EPA, 2013). To apply this
technology on vessels is evident but the technology transfer is not straightforward. Several
parameters give rise to certain challenges, including the higher sulfur content in bunker fuel,
limited space conditions, maintenance and regeneration of the filter, and higher sensitivity
towards backpressure in marine engines (Danish EPA, 2013; pers. comm., DINEX, May 2014). Due
to lack of regulation in the shipping industry there exist no standard DPF solutions for vessels and
there is no commercial mass production, as opposed to the DPFs used within the on-road vehicle
sector (Ingenigren, 2013). In Europe air emissions from on-road traffic is regulated by the
“Euronorm” emission standards, which were introduced in 1992. For diesel engines the required
emission reductions haven partly been achieved through the development of DPFs (nextgreencar,
2014). However, when it comes to oceangoing vessels or in general vessels using higher sulfur-

grade fuels, little information is available on implementation of DPFs.

MAN Diesel & Turbo (2012) investigated the PM reduction from a DPF on an auxiliary engine
operating on MGO. In their preliminary market study two commercially available marine DPF
systems were identified, i.e. ETB and HUG, which produce filters for yachts and inland waterway
vessels. HUG is certified by Lloyd’s Register and Germanischer Lloyd and was therefore chosen for
the project by MAN Diesel & Turbo (HUG, undated.; MAN Diesel & Turbo, 2012). The results from
this study indicated an EC reduction of 99 % but a total PM-reduction of 55% due to little capture

of sulfate and organic carbon being on gaseous phase, due to the high exhaust gas temperature.

In Denmark in 2012 the filter manufacturer Dinex installed and tested a DPF filter on the ferry M/F
Zrgskgbing in cooperation with Danish Technological Institute and the Danish Ministry of the
Environment. It was expected that the filter would reduce the amount of particles by up to 99 %,
but in reality the reduction was 93 %. This difference was caused by leaks in the by-pass system. It
should be mentioned though, that the reduction of organic matter was not measured in this study
(Danish EPA, 2013). Several challenges arose during the project, including space limitations, too
low exhaust gas temperature for automatic filter regeneration, and too high backpressure.
Furthermore, the installation was done during night, because the ferry could not be taken out of
operation in the daytime (Danish EPA, 2013; Ingenigren, 2013). These challenges caused high

installation costs, which presumably can be avoided or lowered once more experience is gained.

The DPF installed on the ferry M/F Zrgskgbing consisted of eight “15x15 inches” filter units, which
were retrofitted to one of the main engines with an installed power of 1,000 kW. The 15x15
inches filter unit is the largest that Dinex produces and is usually used on trucks. The price for one
unit is app. 7,000 USD. On a truck the usual lifetime of these filters are 6-8 years (pers. comm.
Jacob Svensson, Dinex, April 2014). The total investment cost is by LITEHAUZ estimated to be
56,000 USD based on the price per filter unit. This results in a price of 56 USD/kW. The total
investment cost and installation costs were app. 185,000 USD (Ingenigren, 2013), corresponding
to 185 USD/kW installed power. The installation included consulting from Technological Institute
of Denmark and several unexpected challenges as mentioned earlier (Danish EPA, 2013). It is
expected that the installation costs will decrease with increasing engine size and also with time as
manufacturers become more experienced in retrofitting DPFs to commercial use on vessels. The
example vessel in the present study has an installed engine power of 20 MW and therefore the
installation unit costs are assumed to be somewhat lower than for the ferry M/F £rgskgbing. The

investment costs of 56 USD/kW will be used in the calculations but the installation costs are
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assumed to be half of the costs in the study conducted on the ferry M/F Argskgbing
corresponding to 121 USD/kW for equipment and installation.

The general expression by the market actors is that the current DPFs cannot be used in
combination with fuel having a sulfur content exceeding 500-1000 ppm (0.05-0.1%), i.e. the use of
DPF enforces a swift to the much more expensive MGO (Corbett et al., 2010b). The problem with
high sulfur content is the bigger production of ash, which can clock the filter (DINEX, pers. comm.
April 2014). Furthermore, in a catalytic filter the high sulfur content will poison a catalytic coating
almost instantly, which would cause deactivation of the filters or catalysts (pers. comm. Lisa
Barber, Regional Sales Manager, DCL International Inc.). However, Mitsui 0.S.K. (2012) and Tsuda
et al. (2013) have developed DPFs, which have been successfully used in combination with heavier
sulfur grades of fuel oil. The filter developed by Mitsui O.S.K. was initially tested beginning in
November 2011, which was scheduled for about one year. However, the verification of the filters
performance has been suspended, because part of the filter had to be improved. The test will be
resumed in the first quarter of 2014 and it is still too early to say anything about costs (Mitsui

0.S.K., personal comm., April 2014).

The company CRR (Create - Recycle — Reduce) is a sales and distribution company with a new kind
of filter solution for the maritime industry, which also tested to work in combination with HFO.
The filter is developed by the German engineering company Ecovac GmbH, which has designed
and manufactured industrial filter systems for land-based use for several years. This land-based
system is now being adapted for maritime use in combination with HFO. The filter is a cartridge
technology, with a large surface area, which results in low backpressure (300 - 700 PA) and
reduces fuel penalties. CRR claims a PMgs reduction of >99 % concurrently with a SOx filtration of
90-98 %. The filter has not been installed on any vessels yet, and there are still great uncertainty
related to costs. However, the equipment costs are estimated to be around 300 USD/kW,
including a heat exchanger and installation (pers. comm., Martin Fischer, CRR, 2014). Based on the
identified manufacturers and research and development of filters working with heavy fuel oil, the
MAC of black carbon reduction by use of DPF is in this study is estimated assuming successfully

operation in combination with heavy fuel oil.

3.2.1. Black carbon reduction Potential

As earlier mentioned DPFs have shown to be very effective in reducing PM from on-road engines.
PM from vehicle diesel engines consist mainly of non-volatile compounds, i.e. ash and elemental
carbon (Lauer, 2012). These compounds are caught by the DPF. However, PM from large vessels
engines consist mainly of volatile compounds, such as OM, sulfates and water. These compounds
will be on gaseous phase at the high exhaust gas temperatures of around 350°C and will therefore
not be caught by the filter. Hence, the reduction potential of DPFs depends on engine type and
size thus DPFs may reduce PM better in cars than on merchant vessels. The high reduction rate
seen on road is therefore not directly transferable to marine application (Lauer, 2012; Tsuda et al.,
2013).

Only few studies analyzing PM and BC reduction by diesel particulate filters installed on maritime
diesel engines running on HFO have been identified (Table 5; Table 6). Mitsui O.S.K. (2012)
reported a PM reduction of 80 % in a DPF demonstration using C Heavy Fuel Oil (1% S max). Tsuda
et al. (2013) have demonstrated that approximately 50 % of the PM and most of the soot is caught
in the filter using heavy fuel oil (2.66% S) in a laboratory study. The study by Tsuda et al., 2013 is
the only one identified, which demonstrates the function of DPF in combination with HFO and also

examines the black carbon reduction. This study moreover looks into the reduction of the soluble

SEERB—13



DRAFT FINAL

LITEHAUZ May 2014

Table 5 Black carbon or PM reduction
potential reported in different studies
based on MGO

Table 6 Black carbon or PM reduction
potential reported in different studies
based on HFO

Figure 4 Soot and SOF emissions without
DPF and with DPF at three different loads

Table 7 Relative reduction potential of
LAC (EC+OM+ash) and EC. Emission
factors without and after particulate filter
when black carbon is defined as LAC or EC

respectively.
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organic fraction (SOF) and sulfate when using a DPF (Figure 4). Tsuda et al. (2013) conclude that
most soot is captured in the DPF but the SOF concentration remains constant. The SOF is not
captured in the DPF because it is on gaseous phase due to the high exhaust gas temperature
(Tsuda et al., 2013). The same picture is seen in a study conducted by Lauer (2012), who tested a
filter on a ship engine running on MGO. He found a very high EC reductions of 99 %, but only a
total PM reduction of 55% due to lower removal of organic carbon (OC). Based on the findings by
Tsuda et al. (2013) a 85 % reduction of EC and ash is used in this study, while no reduction is
expected for OM (Table 7). This amounts in a total relative reduction of 37 % when defining black

carbon as LAC whereas the reduction is 85 % if only looking at EC.

Study/ Reduction potential (MGO)

Manufacturer PM 0OC/OM/SOF Elemental carbon
Tsuda et al. (2013) 70 % ~0% “Most”

Majewski (2001) 95-99.9 % (EC)
Corbett et al. (2010b) 85% (BC)

Liu et al. (2008) 99.7 % (EC)

Huss Filters (2014) 99.9 % Not reported

Dinex (Danish EPA, 2013) 93 % Not reported

Lauer (2012) 55 % 30-60 % 99 % (EC)

Study/ Reduction potential (HFO)

Manufacturer PM 0C/OM/SOF Elemental carbon
Tsuda et al. (2013) 50% ~0% “Most”

Mitsui 0.S.K. (2012) 80 %

Black EC oM Ash Total black| Emission factor| Emission
carbon | reduction | reduction | reduction carbon without filter| factor after
definiti | potential | potential | potential reduction [g/kWh] filter

on potential [g/kWh]
LAC 85% 0% 85% 37 % 0.335 0.211

EC 85% 85 % 0.040 0.006

3.2.2. Costs used for MAC estimation

The costs used for the estimation of MAC for black carbon reduction by DPF are given in Table 8.
The CAPEX has been estimated to be 121 USD/kW, as previously explained in 3.2. Due to the little
experience with filters installed on vessels operating on marine fuels, in particular HFO, it is hard

to estimate the operation and maintenance cost (OPEX) of DPFs (DINEX, pers. comm., April 2014).
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Table 8 Costs per installed engine power,
lifetime, and energy consumption
(expressed as the fuel penalty) of a diesel

particulate filter.
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According to Corbett et al. (2010b) the OPEX is approximately 19.6 USD/kW/year in 2008 prices,
which is in this study converted into 2014 price level, corresponding to 21.9 USD/kW/year. This
OPEX is given for a 20 year period and includes both regeneration and replacement of filters
(Corbett et al., 2010b). The actual lifetime of the filters installed by DINEX is approximately 6-8
years, but no OPEX for a filter installed and operated on a commercial vessel is available from
market players. In this study it is decided to use the 21.9 USD/kW/year as OPEX and thus including
the replacement costs for the lifetime of the vessel. Corbett et al. (2010b) estimated a much lower
CAPEX (21.8 USD/kW) of filters than what has been found in our market surveys in this study. A
sensitivity analysis of 30 % higher or lower CAPEX and OPEX is conducted.

The added fuel consumption when using a DPF is estimated to be approximately 4 % (Corbett et
al., 2010b). The particles collected in the filter would ultimately cause exhaust gas pressure drop
in the filter. This negatively affects the engine operation and the filter thus has to be regenerated
to restore its soot collecting capacity (Majewski, 2001). A drawback of DPF is the significant
amount of space required, which can add further costs. The filter is assumed to take up 2-3 times
the size of the engine, which may be problematic on vessels with large engines (Boer, 2011).
However, in this study no size limitation is assumed. Lastly, it should be kept in mind, that
significant costs would be added to the use of DPF if the filter cannot work successfully in
combination with HFO and MGO has to be used instead. This study assumes that the technological
advancement allows for the use of at least a low grade sulfur HFO, such as 1% sulfur which can be
produced at comparable costs to the current 2.7% sulfur HFO, and the filter forced MGO scenario
is not further considered in this report. Off-hire days for installation are assumed to be around 15
(CRR; DINEX, pers. comm, April 2014).

Diesel Particulate Filter

CAPEX (incl. Installation) [USD/kW] 121

OPEX [USD/kW/year] 21.9 (including filter replacement)

Fuel penalty 4%

Lifetime [years] Actual 6-8 years (but unlimited in calculations

due to replacement included in OPEX)

Off-hire days 15

3.3. Wet scrubber

A scrubber is a treatment technology that cleans the exhaust gas and is installed after the engine
or boiler. The scrubber allows a vessel to continue sailing on HFO and still comply with the IMO
sulfur regulations by washing out SOx of the exhaust gas. Two main types of scrubbers exist: wet

scrubbers and dry scrubbers.

In wet scrubbers the exhaust gas is passed through a liquid media in order to dissolve the water-
soluble SOx gases. Wet scrubbers can be divided into three types: open loop scrubbers using sea
water, closed loop scrubbers using fresh water and caustic soda to control the alkalinity, and
finally hybrid scrubbers, which can run on both closed loop mode and open loop mode (ABS,
2013). The scrubber is using a water spray or cascading system in order to maximize the surface
area of liquid in contact with the exhaust gas. The chemical reactions taking place result in acidic
SOx based compounds such as sulfuric acid. For this reason the liquid must be of a certain
alkalinity in order to neutralize the acidic compounds (ABS, 2013; Lloyd’s Register, 2012). An open
loop scrubber using seawater as liquid media can be used when sailing in waters where the

alkalinity is sufficiently high. The main advantage of a seawater scrubber is that no chemicals are
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consumed onboard the ship and the water can be discharged back into the sea (NaKIM, 2012).
When sailing in low alkaline waters, e.g. the Baltic, estuaries, and rivers, a closed loop scrubber
using freshwater and caustic soda can be used to control the alkalinity of the scrubbing liquid. In a
closed loop scrubber little or no water is discharged overboard and this type is therefore suitable
for zero emission control areas. Hybrid scrubbers, which consist both of a closed loop and an open
loop system utilize the advantages of both systems and increase the flexibility of the vessel
(Lloyd’s Register, 2012; ABS, 2013). The footprint of a scrubber varies a little from system to
system. The footprint of a scrubber fitted to a 5 MW motor is around 3 m x 5 m and the footprint
of a scrubber fitted to a 25 MW engine is on the size of a scrubber installed on a 25 MW engine is
around 6 m x 10 m (ABS, 2013). According to Alfa Laval (2013) their scrubbers only have footprints
of 25 m x 2.5 m up to 47 MW engines. The height of the scrubbers varies in general
approximately between 6 m and 12 m up to 25 MW depending on the type of system, however,

one system being a couple of meters higher has been identified (ABS, 2013).

Although dry scrubbers may be technically feasible in ships it has not been possible to identify
stakeholders with installation experience or cost knowledge regarding dry scrubbers for
application in the merchant fleet. For this reason, the study will focus on wet scrubbers only. A
brief description is provided: In a dry scrubber no water is used but instead the exhaust gas is led
through a chamber filled with calcium hydroxide granulate, which reacts with the sulfur oxides to
form calcium sulfate. The exhaust gas is not cooled as in the wet scrubber, and therefore a dry
scrubber may be used in combination with a SCR unit, which reduces the NOx emissions and in
general require temperatures above 350°C. At some point the granulate loses its ability to react
and therefore it must be replaced. Both the fresh and the used calcium hydroxide granulate is
stored outside the absorption chamber requiring additional storage space. The level of sulfur
absorption can be regulated for example by adjusting the surface area of the granulate or by
changing how the gas passes around inside the absorber. However, the dry scrubber is slow to
regulate, unlike wet scrubbers, which are quickly adjusted to changes in operating conditions. The
calcium sulfate, which may be recycled in industry, is deposited at port, but no other substances
are disposed of overboard (Walter & Wagner, 2012). According to ABS (2013) the PM reduction in
a dry scrubber is 60 %. Since the process is dry, it is assumed that both hydrofile and hydrophobic

particles are collected.

3.3.1. Black carbon reduction Potential

Wet scrubbers have shown to be fairly efficient at removing particulate matter (PM) based on
different particle diameter cutoffs (Table 9). Winther (2013) has in a literature review found that
black carbon comprise 0.3-17% of PM from HFO and 17-40% of PM from MDO. The smaller the

sulfur content of the fuel is, the more the black carbon constitutes of the PM emissions.

Lack & Corbett (2012) and Corbett et al. (2010b) have reviewed the efficacy of seawater scrubbers
to remove BC and PM from exhaust gas. Several studies evaluate PM reduction potential from
scrubbers, while only few studies have specifically measured the reduction potential of black
carbon. PM reductions in scrubbers are occasionally used as proxy for BC removal potential.
Despite the potential to remove total particle mass, the effectiveness of scrubbing for removal of
black carbon is more uncertain due to the small size of these particles and their physical
properties. Right upon emission black carbon particles are hydrophobic and have a typical
diameter of around 100 nm (Quinn et al., 2011), which is one order of magnitude smaller than
PM; and two orders of magnitude smaller than PMy,. Very small particles, like BC, are reported to
be less controlled than larger ones (Corbett et al., 2010), as also indicated by the PM reduction

potentials given in Table 9 (Lack & Corbett, 2012). As indicated in the table, the reduction
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Table 9 Wet scrubber reduction potential
of different PM size fractions (Lack &
Corbett, 2012)

Table 10 Relative reduction potential of
LAC (EC+OM+Ash) and EC. Emission
factor without and after scrubber when
black carbon is defined as LAC or EC

respectively.
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potential decreases with decreasing particle size. Measurements conducted on the DFDS roro-

K

vessel “Ficaria Seaways” have shown that even though the number of particles with a diameter of
more than 200 nm is low the total PM mass is still dominated by particles in this size range (NaKIM,
2012). Estimating the black carbon reduction potential only on the PM mass reduction may
therefore not be reliable. As BC ages it coagulates and reacts with other compounds, hence
growing in size and becoming more hydrophilic. The wet scrubbing efficiency removal of BC thus
depends on the mixing state of the particles (Lack & Corbett, 2012). As indicated in Table 9, the

reduction potential decreases with decreasing particle size.

Measurement ECron ECron PM, PM; s PM, PMy.05

Reduction 55 % 70 % 98 % 74 % 59 % 45 %

potential

Fuel type Low sulfur diesel | 1.5 %| HFO HFO HFO HFO
sulfur

The EC measurements indicate that the scrubbing efficiency increases, when the sulfur content in
the fuel is higher. This may be explained by the formation of black carbon internally mixed with
hydrophilic particulate sulfates. Based on the PM measurements and the common BC diameter a
scrubbing efficiency of around 45-50% is likely, according to Lack & Corbett (2012). A reduction
potential of 50 % will be applied in this study, and it is assumed, that EC, OM and LAC is reduced
equally efficient (Table 10).

Black EC oM Ash Total black| Emission Emission
carbon reduction | reduction | reduction carbon factor factor after
definition potential potential potential reduction without scrubber
potential scrubber [g/kwh]
[g/kWh]
LAC 50% 50% 50% 50 % 0.335 0.168
EC 50% 50 % 0.040 0.020

3.3.2. Costs used for MAC estimation

In this study the focus will be on open loop scrubbers and hybrid scrubbers, since there is
currently no regulation promoting the use of closed loop scrubbers in Arctic waters. The hybrid
scrubber has the advantage of greater flexibility to also operate in less alkaline waters, and if a
ban on open loop scrubbers is implemented the hybrid scrubber can still be used on closed loop
mode. According to Wartsila the open loop scrubber and the hybrid scrubber are the most sold
types (Ahlbach, Pers. comm., 5" of March 2014).

The investment costs of open loop scrubbers and hybrid scrubbers as a function of installed power
are shown in Figure 5 and Figure 6. The curves are drawn by the authors of this report, based on
investment estimates provided by Alfa Laval (pers. comm., April 2014) and Wartsila (Pers. comm.,
April 2014) for scrubbers installed on ships with four different engine sizes of 5 MW, 10 MW, 15
MW and 20 MW, respectively. The dashed lines show upper and lower bounds whereas the full-
drawn line shows the average investment cost curve. The investment costs increase

approximately linearly with increasing power installed.

Yearly maintenance cost can according to Corbett et al., 2010 be expected to be approximately 0.7
USD/MWh, ranging between 0.4 and 1.1 USD/MWh in 2008 prices. These estimates are
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scrubber as a function of installed
power. Dashed lines show upper and
lower bounds, while full-drawn line

shows average.

Figure 6 Investment cost of hybrid
scrubber as a function of installed
power. Dashed lines show upper and
lower bounds, while full-drawn line

shows average.
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converted to USD/kW in 2014 prices resulting in approximately 6.9 USD/kW ranging between 3.9
and 10.8 USD/kW. The installation costs are around 75 % of the investment costs both for the
open loop scrubber and the hybrid scrubber (Alfa Laval, pers. comm., April 2014). The fuel penalty,
which is caused by pumps and engine back pressure, is approximately 2 % when running on open
loop mode and around 1 % when running on closed loop mode (Lloyd’s register, 2012). A larger
pump is needed when using seawater than fresh water hence leading to larger fuel penalty when
operating on open loop than closed loop mode (Stuer-Lauridsen et al., 2012). The hybrid scrubber
can change between open loop mode and closed loop mode. As baseline no discharge regulation
exists in the Arctic, hence the open loop scrubber can be used and the hybrid scrubber may
operate all the time at open loop mode. In the change scenario where a “no discharge” regulation
is implemented in the Arctic, the open loop scrubber does not meet the requirements and the
hybrid scrubber has to operate on closed loop mode, which includes consumption of caustic soda
(NaOH) and a different fuel penalty (ABS, 2013). The consumption of caustic soda is estimated
from Figure 7 (Wartsila, 2011) to be approximately 150 I/hour, and the price range was 50 — 250
USD/m® in 2011 (Wirtsila, 2011). This range has been converted to 2014 price level (52-262
USD/m’) and the average of 157 USD/m3 has been used in the central estimate. Off-hire days for
installation are assumed to be around 20 days (Hauschildt Marine, 2014). The costs and energy
use for the open loop and the hybrid scrubber are summarized in Table 11 and Table 12,

respectively.
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Figure 7 NaOH consumption [I/hour] as a

function of operating power and sulfur

content in fuel (Wartsila, 2011).

Table 11 Costs, lifetime, and energy Open loop scrubber
consumption (expressed as the fuel CAPEX (ex. Installation) [USD] 2,500,000
penalty) of an open loop scrubber for a Installation [USD] 1,900,000
20 MW engine. OPEX [USD/kW] 6.9
Fuel penalty 2%
Lifetime [years] 15
Off-hire days 20

Table 12 Costs, lifetime, and energy Hybrid scrubber Open loop mode Closed loop mode
consumption (expressed as the fuel CAPEX (ex. Installation) [USD] | 3,100,000
penalty) of a hybrid scrubber for a 20 Installation [USD] 2,300,000
MW engine. OPEX [USD/kW] 6.9
Lifetime [years] 15
Fuel penalty* 2% 1%
NaOH consumption [ms/hour]* - 0.15
NaOH costs [USD/m’*]* - 157
Off hire-days 20

* Fuel penalty is 1% when the scrubber is operating at closed loop mode using NaOH
and 2 % when operating at open loop mode where no NaOH is used (Lloyd’s Register,
2012).

3.4. Fuel Switch from HFO to MGO

According to MARPOL Annex VI, the maximum sulfur limit in bunker fuel should be reduced
globally from 3.5 % to 0.5 % by 2020 or 2025. The average sulfur content in the heavy fuel oil
(HFO) used for marine diesel engines today is 2.7 % (MAN Diesel & Turbo, 2010). HFO is a residual
oil, with high contents of sulfur, ash, and metals, e.g. vanadium and nickel. These components
cause slower and less complete combustion and hence increase black carbon emissions (ABS,
1984).

There are two main challenges when switching to distillate fuels: the fuel viscosity and the main
engine cylinder lubrication. The viscosity of distillate fuels is lower than for residual fuels, which
may challenge the pump in different ways. For this reason installation of a cooler or chiller unit

may be necessary to be able to maintain the required viscosity (MAN Diesel & Turbo, 2010). In the
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Table 13 Studies identified by Lack &
Corbett (2012), which assess black carbon
reduction potential when changing from

HFO to a cleaner fuel.
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future vessels will probably not experience problems running without a chiller, since pumps and
engines will be designed to run on lower viscosity fuels. High sulfur content can cause corrosive
sulfuric acid. Lubricating cylinder oils of a certain alkalinity can neutralize the sulfur content of the
fuel. The alkalinity is expressed as the total base number (TBN). Over treating for sulfur can be
damaging, and therefore it is important to lower the TBN when operating on low sulfur fuel (ABS,
1984). On newer engines, it is recommended to install a lubricator, which automatically regulate
the dosage (MAN Diesel & Turbo, 2010).

3.4.1. Black carbon reduction Potential

The fuel switch may, beside a reduction of SOx emissions, also induce a co-beneficial reduction of
black carbon emissions, but to what extent is not yet fully clarified. The Second IMO Green House
Gas Study (Buhaug et al., 2009) focus on a 2007-study on elemental carbon, and the more recent
literature also report studies employing a number of different measurement methods and
different definitions of black carbon. As already mentioned the definition of black carbon play an

important role when assessing the emission factor and reduction potential.

Recently, Lack and Corbett (2012) have reviewed several studies, which assess the possible black
carbon reduction when changing from HFO to a more clean fuel (Table 13). Figure 8 shows the
ratio between the BC emission factor of cleaner fuel and HFO. When the ratio is <1 the BC
emission factor decreases when changing from HFO to a cleaner fuel and when the ratio is >1 the
BC emission factor increases. As seen on the figure most of the studies indicate that the BC
emission factor decreases when switching from HFO to a cleaner fuel. However, some results
show the opposite trend, which may be explained by the high level of heavy metals in HFO as it
has been suggested that heavy metals catalyze the combustion of BC and hence reduce BC
emissions (Lack & Corbett, 2012). Despite the role of heavy metals, the overall balance of the
information suggests a decrease in black carbon emissions when changing from HFO to a cleaner
fuel (Lack and Corbett, 2012). Lack and Corbett (2012) propose an average decrease of 45 % at
100 % load. This average decrease is based on studies assessing fuel switch from HFO (sulfur

contents from 0.83 % - 3.15 %) to MDO, MGO, LFO or biodiesel with sulfur contents < 0.1 %.

SEE R —20



DRAFT FINAL

LITEHAUZ May 2014

Figure 8 Ratios between the black carbon
emission factors of cleaner fuel and HFO
as a function of load. The numbers in the
left corner corresponds to the studies in
Table 13.

Figure 9 Emissions of organic material
(OM), elemental carbon (EC), sulfate
(SO4), water associated with sulfate
and ash when combusting fuel with
different sulfur contents (Buhaug et al.,
2009)

Table 14 Relative reduction potential of
LAC (EC+OM+ash) and EC. Emission
factors when using HFO and after
switching to MGO when black carbon is

defined as LAC or EC respectively.
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As a basis for the estimates included here, it is decided to use results from the study by
Germanischer Lloyd as included in the Second IMO Green House Gas Study (Buhaug et al., 2009).
These results show a 76 % reduction of EC and no reduction of OM when the sulfur content
decreases. The ash content, is reduced 100 % when a fuel with only 0.1 % S is burned (Figure 9).

The reduction potentials of LAC and EC are summarized in Table 14.

Black EC oM Ash Total black| Emission Emission

carbon reduction reduction reduction carbon factor HFO| factor

definition potential potential potential reduction [g/kwh] MGO
potential [g/kwh]

LAC 76 % 0% 100% 41 % 0.335 0.199

EC 76 % 76 % 0.040 0.010

3.4.2. Costs used for MAC estimation

The costs, which the estimation of MAC is based on, are given in Table 15. It should be kept in
mind that the energy content of HFO is 40.0 MJ/kg and for MGO 42.7 MJ/kg (Dr.-Ing. Wild, 2005).
A specific fuel oil consumption of 180 g/kWh should be used for MGO, while 190 g/kWh should be
applied for HFO (Hans Otto Holmegaard Kristensen, pers. comm, April 1% 2014).
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Table 15 Costs and fuel penalty when
changing from HFO to MGO
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Fuel switch

HFO cost [USD/mt]* 578
MGO [USD/mt]* 887
HFO SFOC [g/kWh] 190
MDO SFOC [g/kWh] 180
Fuel penalty [USD]** ]
MGO chiller CAPEX (incl. inst.) [USD/kW]*** 13
MGO chiller fuel penalty [%] *** 03

MGO Chiller Lifetime [years]***

Same as vessel

Off-hire days

10

*Rotterdam prices April 24th 2014

**Fuel penalty expressed as the increased fuel costs when changing from HFO to MGO taking the

different specific fuel oil consumptions into account and thus different annual fuel consumptions.

*** From Stuer-Lauridsen et al. (2012)
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Table 16 Data of specific example ship
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4. Example ship

In this study a specific example ship from the fleet operating in
the Arctic is used to estimate the base parameters related to
reducing BC emissions by retrofitting scrubbers, diesel
particulate filters or switching fuel from heavy fuel oil (HFO) to
marine gas oil (MGO).

Different baseline parameters are described in the following, which will be used in the estimation
of MAC and the sensitivity analyses. Two other important factors, which may influence the cost
effectiveness of the technologies, are the definition of black carbon and whether discharge from
the open loop scrubber is allowed. OPRF has developed for a baseline scenario that black carbon
is defined as light absorbing carbonaceous compounds (LAC) and also it is assumed that the use of
open loop scrubbers is allowed in the Arctic. However, the impact on the MAC will be estimated
for the scenario where black carbon is defined as elemental carbon (EC) and a scenario where
open loop scrubbers are not allowed in the Arctic. These scenarios are further described in this

chapter.

Finally, it should be mentioned that the global SOx cap of 0.5 %, which will be implemented in
2020 or 2025, will enforce a fuel switch or use of proper technology, such as scrubber. However,
the impacts of the implementation of the global sulfur cap on the MAC of black carbon abatement

technologies are not part of this study scope.

The chosen example ship is representative of a ship type and size that spend most of its time in
Arctic, has a high consumption of energy and could be operating in international traffic. The
chosen cargo carrier (Table 16; Figure 10) spent 8,378 hours in the Arctic during 2013 and the
energy consumption was 94,253,206 kWh. As a baseline the time spent in the Arctic is in this
study set to 8,760 hours (a full year) and the energy consumption of the ship is proportionally

adjusted to correspond to a full year operation in the Arctic.

MMSI / IMO 273310730 / 9330836

Ship type Cargo

Year built 2006

Ship size range [GT] 10,000-30,000

Installed engine power [kW] 19,950

Nominal speed [kn] 12.5

Energy consumption/year [kWh] 97,542,702 (adjusted from 94,253,206 kWh)
Operating time in the Arctic [hours] 8,760 (adjusted from 8,378)

Average power [kW] 11,251

Average load* 56%

* The average load also include the time the ship is at port.

4.1. Off-hire rate

The off-hire rate, which is used to calculate the loss from having the vessel off the market during

the time it takes to install a given technology on the example vessel is 18,000 USD/ day. This figure
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is based on the off-hire rates in the IMO report by Stuer-Lauridsen et al. (2012) for a bulk carrier of

15 MW, which is assumed to be approximately the same as for the example ship in this study.
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5. Marginal Abatement Costs

The marginal abatement costs expressed as the NPV cost per
gram of reduced black carbon have been calculated for each
technology for the specific example ship. The costs have been
calculated for the diesel particulate filter, fuel switch and
scrubber, including open loop scrubber and hybrid scrubber on
open loop mode and closed loop mode. Sensitivity analyses have
been conducted on several parameters influencing the marginal
abatement costs. Furthermore two kinds of black carbon
definitions have been used, namely light absorbing
carbonaceous compounds (LAC) and elemental carbon (EC).

5.1. Methodology

Based on specifications of an example ship the marginal abatement cost for each of the
abatement technologies has been calculated (Appendix 1). The technologies comprise DPF, fuel
switch and scrubbers, including open loop scrubber, and hybrid scrubber on open loop mode and
closed loop mode. In this context, the marginal abatement cost reflects the cost per gram of
reduced emissions of black carbon. The additional costs associated with each technology include
CAPEX, installation of technologies and off-hire, OPEX, fuel costs, and NaOH for close loop
scrubber mode. All prices are stated in 2014-level. In case of input data in other price levels, the

net price index from Statistics Denmark have been used to translate prices into 2014-level.

The technologies are installed in 2016. The additional cost associated with each type of
technology has been calculated in each year of the residual lifetime of the example ship.
Equivalently, the reduction in emissions of black carbon has been calculated in each year of the
residual lifetime of the ship for each technology. It takes up to 20 days to install the technologies.
The specific installation period for each technology can be found in table 2, Appendix 2. The ship
does not operate during the installation period, and therefore we adjust the fuel and NaOH
consumption and the OPEX in the installation year according to the installation period for each
specific technology. We calculate the present value of the costs and reduced emissions to take
into account, that cost and emissions encountered today weigh heavier than costs and emissions
encountered in the future. The marginal abatement cost for each technology is given as the ratio
of the present values of costs and reduced emissions. We use 2014 as the evaluation year for the

calculation of the present values.

5.1.1. CAPEX and installation costs

The CAPEX (Capital expenditure) covers the purchase of each technology. The cost and duration of
the installation varies depending on the technology. We include a daily off-hire rate in the total
cost for each day the ship is not operating. Appendix 2 (Table 1) shows CAPEX incl. installation cost

used in the central scenario.

The lifetime of the diesel particulate filter (DPF) is likely to be lower than the ship residual lifetime.
However, the data on OPEX regarding the diesel particulate filter (DPF) includes cost of reinstalling
the filters. Therefore we only include CAPEX and installation cost in the initial year. Appendix 2

(Table 2) shows the lifetime for each technology.
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Figure 11 High and low fuel price

developments until 2028.
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Installing on new ships is still a limited experience. For wet scrubbers, i.e. the technology with the
largest knowledge base, it is reported as a general rule that 75% of the total CAPEX costs in
retrofitting are installation costs. Reportedly, these costs may be lowered significantly in new

ships, but shipyards are reluctant to provide useful information on this matter.

5.1.2. OPEX

The OPEX (Operating expenditure) varies across technologies and depends on the average power
of the ship and the time operating in The Arctic Regions. Appendix 2 (Table 3) shows OPEX for
each technology used in the central scenario. The OPEX is adjusted in the year of installation

according to the installation period for each of the technologies.

5.1.3. Fuel costs
A fuel penalty is associated with each of the five technologies considered. In addition, the price
difference between MGO and HFO is potentially large, which will also affect the fuel cost, when

considering the fuel switch technology. The fuel penalties are stated in table 4.

Using data from the Port of Rotterdam from January 23, 2014 to April 23, 2014 (Bunkerworld,
2014), we have calculated an average 2014 price for the two types of fuel. We calculate the
price development for HFO (IFO380) and MGO from 2014 to 2028 based on the International
Energy Agency's forecasts for crude oil price from the World Energy Outlook (IEA, 2007). We
have used the expected price development for crude oil to forecast the price development
for HFO (IFO380) and MGO until 2028.

Table 6 shows fuel prices for 2014. We adjust the fuel consumption in the year of installation
according to the installation period for each of the technologies. We operate with a high and low
fuel price in the sensitivity analyses. In the scenario with low fuel prices, we assume that the fuel
prices remain constant. In the scenario with high fuel prices, we assume that the fuel prices

increase two times the rate used in the baseline scenario.
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5.1.4. NaOH cost

When operating with a hybrid scrubber in closed loop mode, ships consume NaOH. We use a
constant price for NaOH in the entire period of 157 USD/m’. In the sensitivity analyses, we
describe the impact of the price of NaOH by calculating the marginal abatement cost using a high
and low price of NaOH respectively. We adjust the consumption of NaOH in the year of

installation according to the installation period for each of the technologies.
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5.1.5. Emissions

We have calculated the marginal abatement cost of two definitions of black carbon, namely
light absorbing carbonaceous compounds (LAC) and elemental carbon (EC). The definition of
black carbon has a great impact on the cost of reduction. In Appendix 2,

Table 7:  EC abatement factors (g/kWh) and table 8 contain the abatement factors for EC and
LAC. We adjust the emissions in the year of installation according to the installation period for

each of the technologies.

5.2. Base parameters

The marginal abatement costs (MAC) of reducing black carbon will be calculated for the different
technologies retrofitted on the example ship and a number of base parameters obtained are
presented here. The lifespan of a vessel is approximately 30 years (Mikelis, 2010) and the average
age of the global fleet was 20 years in 2013 (UNCTAD, 2013). Assuming that these numbers are
also valid for the fleet operating in the Arctic, the residual lifetime of the vessels are set to 10
years as baseline. The MAC will be calculated based on black carbon emissions, abatement
potentials of the technologies, costs of the technologies and the parameters given in Table 17. As
baseline a discount rate of 5% has been used. We base this choice on a survey of international
research. All studies included in the survey use a discount rate between 2.5% and 8%, and most
use a discount rate between 4.5% and 6% (HEATCO, 2005).

Table 17 Parameters used

in the

calculation of marginal abatement
costs (MAC)

Table 18 Parameters that will affect the
black carbon emission and the cost
effectiveness of the abatement

technologies

Element Assumption

Evaluation year (year of NPV calculation) 2014

Price year 2014

Currency usD

Discount rate 5%

First year of technology 2016

Time period The residual lifetime of the vessels

5.3. Sensititvity towards base parameters, black carbon
definition and “no discharge” - scenario

Several parameters included in the calculations of the MAC may have profound influence on the

cost effectiveness of the abatement technologies, e.g. the melting of the Arctic sea ice will affect

the accessibility and hence the traffic volume in the Arctic.

The fuel prices may be affected by supply and demand, political unrest, and the development of
green technologies, while environmental legislation in the Arctic will affect the use of certain

technologies. For this reason the sensitivity towards fuel prices, discount rate, time operating in

the Arcticc and the residual lifetime of the ship is analyzed (Table 18).
Sensitivity parameter Low Base line High
condition
HFO price [USD/t]* See Figure 11 578 See Figure 11
MGO price [USD/t]* See Figure 11 887 See Figure 11
Ship residual lifetime [years] 5 10 15
Time operating in the Arctic| 4380 ** 8760 -
[hours]
Discount rate - 5% 8%
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Table 19 Two scenarios on scrubbers

Table 20 Emission factors of organic
matter (OM), elemental carbon (EC), ash
and LAC (OM+EC + ash) from a laboratory
two stroke engine running on HFO (2.7 %
S)

Table 21 Emission factors of organic
matter (OM), elemental carbon (EC), ash
and LAC (OM+EC + ash) from a laboratory
two stroke engine running on HFO (2.7 %
S)
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*Rotterdam prices April 24th 2014, **Corresponding to 6 months operation

As baseline scenario in this study it is allowed to use open loop scrubber in the Arctic, but the
MAC under the change scenario where a “no discharge area” is implemented and only closed loop
mode can be used is also estimated. This change scenario will only affect the MAC of the scrubber
(Table 19).

Scenario Open Scenario Closed

Open loop scrubber is allowed Only closed loop scrubber mode

5.3.1. Black carbon definition and emission factor

As mentioned earlier, the definition of black carbon is another very important factor. Black carbon
can be defined in a various ways (see e.g. BLG17/INF.7), as elemental carbon (EC), operationally or
functionally, and one is as the light absorbing carbonaceous compounds (LAC). LAC includes both
black carbon and brown carbon, which is the part of organic carbon with light absorbing capacities
(Andreae & Gelenscér, 2006). In this study LAC is defined as the sum of elemental carbon (EC),
organic matter (OM) and ash for which OPRF have provided the base emission factors used in this
study (Table 20).

Particle Emission factor [g/kWh]
Organic matter (OM) 0.189
Elemental Carbon (EC) 0.040
Ash 0.105
LAC (OM+EC+Ash) 0.335

Germanischer Lloyd in 2007 conducted a study and found the BC emissions in kg/ton of fuel from
a laboratory two-stroke engine as referenced in table 7.20 in Buhaug et al. (2009). These
emissions have been converted to g/kWh by using a specific fuel consumption (SFOC) of 190
g/kWh (Table 21). The total LAC emission presented by Buhaug et al. (2009) is approximately 28 %
lower than the emissions in table 9 due to lower emissions of OM and ash, and the emission factor

of EC is approximately 62 % higher (Figure 12).

Particle Emission factor [kg/ton fuel] Emission  factor  [g/kWh],
(Buhaug et al., 2009) modified from
(Buhaug et al., 2009)

Organic matter (OM) 0.670 0.127
Elemental Carbon (EC) 0.340 0.065
Ash 0.250 0.048
LAC (OM+EC+Ash) 1.260 0.239
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Figure 12 LAC emissions used in this
study (OPRF) and LAC emissions as
modified from results from Buhaug et al.
(2009)

Table 22 Baseline definition and

alternative definition of black carbon

Figure 13 Marginal abatement costs of
scrubbers, including open loop scrubber
and hybrid scrubber on open and closed
loop mode, fuel switch and diesel
particulate filter (USD/g), with black

carbon defined as LAC.
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Black carbon can also be defined only as elemental carbon (EC). EC is the carbon that is oxidized
above a specific temperature level only when oxygen is available (Andreae & Gelenscér, 2006;
Birch & Cary, 1996). The scenario where black carbon is defined only as EC is analyzed and the
MACs for the different technologies based on this definition are estimated (Table 22). The
emission factor used in this scenario is 0.040 g/kWh. Lastly, it should be mentioned that also the
load may have an effect on black carbon emissions and reduction potentials, but this will not be

further discussed in this study.

Base line definition of black carbon Alternative definition of black carbon

LAC (EC + OM + Ash) Only EC

5.4. Comparison of the MAC of the technologies

The marginal abatement costs for each technology when using central estimates of input
parameters are given in Figure 13 with black carbon defined as LAC. The open loop scrubber has
the lowest MAC of 0.06 USD/g. The hybrid scrubber operating on closed loop mode is a little more
expensive than the open loop scrubbers due to the NaOH consumption. The DPF is only a little
more expensive than the scrubbers (0.09 USD/g), whereas the fuel switch has the highest MAC by
far. The large price difference between HFO and MGO fuel is the reason for the particularly high
marginal abatement cost for the fuel switch. It should be noted that the DPF is assumed to work in
combination with HFO. If this is not the case and MGO must be used, the DPF will obviously have a

much higher MAC.

B Cost of reduction (USD/g), LAC

0.45

0.06 0.06 0.07 0.09

B I N

Open loop Hybrid scrubber, Hybrid scrubber, Fuel switch Diesel Particulate
scrubber open loop mode closed loop mode Filter

5.5. Sensititvity analyses (LAC)
Sensitivity analyses have been conducted on several parameters, which is illustrated in Appendix 3.

Figure 14, Figure 15, Figure 16, and Figure 17 show the marginal abatement costs, when we define
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Figure 14 Cost of reduction (USD/g), LAC.
Scenarios: reduced and extended residual
lifetime of 5 and 15 years, respectively,
high discount rate of 8 %, and reduced
time in Arctic of 4,380 hours

corresponding to six months.
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black carbon as LAC. In each chart, the central scenario is compared to a number of alternative

scenarios where some parameters are changed.

In Figure 14 the central scenario is compared to scenarios with reduced and increased ship
residual lifetime, a higher discount rate and reduced time in the Arctic. The marginal abatement
costs for the three types of scrubbers and the DPF all increase, when the ship residual lifetime is
lower, since the CAPEX and installation costs constitute a substantial part of the cost associated
with these technologies. Conversely, the marginal abatement cost of the fuel switch decrease in
this scenario because the price difference between HFO and MGO increase over time. The
scenario with increased ship residual lifetime shows the exact opposite results with decreased

marginal abatement costs for scrubbers and DPF and an increase for fuel switch.

In the scenario with a higher discount rate, the marginal abatement costs increase slightly for all
technologies since a relatively large share of the cost is in the initial year, whereas the emissions
are evenly spread over the ship residual lifetime with the smallest emission in the initial year. The
results for the scenario, where we reduce the operating in The Arctic Regions, resemble the
results for the lower residual lifetime with higher marginal abatement cost for the scrubbers and
the DPF.

mOpen loop scrubber

W Hybrid scrubber, open loop mode
m Hybrid scrubber, closed loop mode
= Fuel switch

m Diesel Particulate Filter

Central Ship residual Ship residual Intest rate 8% Reduced time in
lifetime 5 years lifetime 15 years arctic

In Figure 15 the central scenario to a scenario is with low and high fuel prices and low and high
NaOH prices. In the scenario with high fuel prices the price difference between HFO and MGO fuel
increase more over time than in the central scenario. This is reflected in increased marginal
abatement cost for the fuel switch. In the low fuel prices scenario, the fuel prices are kept
constant over time. This lowers the marginal abatement cost for the fuel switch technology. The
changes in the price of NaOH only influence the hybrid scrubber in closed loop mode. In the
scenario with a low NaOH price, the marginal abatement cost for the hybrid scrubber in closed
loop mode is lower than the hybrid scrubber in open loop mode, due to a lower fuel penalty. The
open loop scrubber has the lowest marginal abatement cost of the three types of scrubbers in all
scenarios. Correspondingly, the hybrid scrubber in closed loop mode is the type of scrubber with

the highest marginal abatement cost, except in the scenario with a low NaOH.
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Figure 15 Cost of reduction (USD/g), LAC.
Scenarios: refer to Figure 11 for low and
high fuel prices, low and high NaOH costs
of 52 and 262 USD/m’.

Figure 16 Cost of reduction (USD/g), LAC.
Scenarios: low and high CAPEX incl.
installation  for open  loop/hybrid
scrubber of 3.7/5.1 and 5.1/6.0 mio. USD
and low and high CAPEX for DPF of
1.7/3.1 mio. USD.

Figure 17 Cost of reduction (USD/g), LAC.
Scenarios: high and low OPEX for
scrubber of 3.9 and 10.8 USD/kW per
year and high and low OPEX for DPF of
15.3 and 28.5 USD/kW per year.
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m Open loop scrubber

m Hybrid scrubber, open loop mode
m Hybrid scrubber, closed loop mode
o Fuel switch

= Diesel Particulate Filter

Central Low fuel prices High fuel prices Low NaOH price High NaOH price

In Figure 16 the central scenario to a scenario is compared with low and high CAPEX for the three
types of scrubbers and low and high CAPEX for the DPF. The changes in CAPEX for the various
technologies naturally raise and lower the marginal abatement cost for the relevant technologies,
but it does not change the ranking of the technologies with respect to the marginal abatement

cost.

m Open loop scrubber

m Hybrid scrubber, open loop mode
® Hybrid scrubber, closed loop mode
= Fuel switch

m Diesel Particulate Filter

Central Low Scrubber High Scrubber Low DPF CAPEX High DPF CAPEX
CAPEX CAPEX

In Figure 17 the central scenario to a scenario is compared with low and high OPEX for the three
types of scrubbers and low and high OPEX for the DPF. The changes in OPEX change the marginal

abatement cost very little.

m Open loop scrubber

W Hybrid scrubber, open loop mode
m Hybrid scrubber, closed loop mode
® Fuel switch

= Diesel Particulate Filter

Central Low Scrubber OPEX High Scrubber OPEX  Low DPF OPEX High DPF OPEX

5.6. Cost related to black carbon definition
Figure 18 shows the MAC of the different technologies when black carbon is defined as EC. When

this figure is compared to the MAC in Figure 11, it is clear that the definition of black carbon has a

SEE R —31



DRAFT FINAL

LITEHAUZ May 2014

Figure 18 Marginal abatement costs of
scrubbers, including open loop scrubber
and hybrid scrubber on open and closed
loop mode, fuel switch and diesel
particulate filter (USD/g), with black

carbon defined as EC.

Figure 19 Cost of reduction (USD/g), EC.
Scenarios: reduced and extended residual
lifetime of 5 and 15 years, respectively,
high discount rate of 8 %, and reduced
time in Arctic of 4,380 hours

corresponding to six months.
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great impact on the cost of reduction. The technology with the lowest MAC is the open loop
scrubber when using LAC-definition, whereas the DPF is the technology with the lowest MAC

when using the EC-definition.

The LAC-definition is broader than the EC definition, and thus the reduction in emissions is larger
for all technologies. The cost of the technologies is the same regardless of the definition of black
carbon. Therefore, the marginal abatement cost, which is the present value of the cost divided by
the reduction in emissions, is lower for all technologies when using the LAC definition compared
to the EC definition. In addition, the fuel switch and diesel particulate filter reduce the emissions
the most per kWh, when using the EC-definition, whereas the two technologies reduce the

emissions the least per kWh when using the LAC-definition.

B Cost of reduction (USD/g), EC
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Open loop Hybrid scrubber, Hybrid scrubber, Fuel switch Diesel Particulate
scrubber open loop mode closed loop mode Filter

The marginal abatements cost for the DPF is higher than for the three types of scrubbers when the
LAC-definition of black carbon is used. When the EC-definition is used, the marginal abatement
cost of the DPF is the lowest of all the technologies. This is due to the DPF having the highest
abatement factors with respect to EC, whereas it has the lowest abatement factors with respect
to LAC (Appendix 2). The relative reduction by DPF when black carbon is defined as EC is higher
compared to the LAC-definition. The fuel switch has the highest marginal abatement cost

regardless of the definition of black carbon.

5.7. Sensitivity analyses (EC)
The following provides the charts showing sensitivity analyses conducted when black carbon is
defined as EC.

® QOpen loop scrubber

M Hybrid scrubber, open loop mode
® Hybrid scrubber, closed loop mode
¥ Fuel switch

¥ Diesel Particulate Filter

Discount rate 8%  Reduced time in

Central Ship residual
lifetime 5 years  lifetime 15 years arctic

Ship residual
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Figure 20 Cost of reduction (USD/g), EC.
Scenarios: refer to figure 11 for low and
high fuel prices, low and high NaOH costs
of 52 and 262 USD/m’.

®QOpen loop scrubber

® Hybrid scrubber, open loop mode
® Hybrid scrubber, closed loop mode
™ Fuel switch

M Diesel Particulate Filter

Central Low fuel prices High fuel prices Low NaOH price High NaOH price

Figure 21 Cost of reduction (USD/g), EC.
Scenarios: low and high CAPEX incl.
installation for open loop/hybrid scrubber of
3.7/5.1 and 5.1/6.0 mio. USD and low and
high CAPEX for DPF of 1.7/3.1 mio. USD.

®QOpen loop scrubber

® Hybrid scrubber, open loop mode
® Hybrid scrubber, closed loop mode
™ Fuel switch

™ Diesel Particulate Filter

Central Low Scrubber High Scrubber Low DPF CAPEX High DPF CAPEX
CAPEX CAPEX

Figure 22 Cost of reduction (USD/g), EC.
Scenarios: high and low OPEX for
scrubber of 3.9 and 10.8 USD/kW per
year and high and low OPEX for DPF of
15.3 and 28.5 USD/kW per year.

® Open loop scrubber

W Hybrid scrubber, open loop mode
® Hybrid scrubber, closed loop mode
H Fuel switch

™ Diesel Particulate Filter

Central Low Scrubber High Scrubber Low DPF OPEX High DPF OPEX
OPEX OPEX
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Appendix 1 MAC and NPV calculations by
Incentive

We consider five technologies for reducing black carbon emissions. We calculate the marginal
abatement cost for each technology by dividing the net present value (NPV) of the total cost
associated with the technology by the reduction in black carbon emissions. When calculating the
reduction in black carbon emissions, we take into account that reductions obtained today weigh
heavier than reductions obtained in the future. This is the standard approach applied in this field
of work. This analysis focuses on the costs of reducing emissions and not the impact of reducing

emissions. This is the reason for only considering the reductions in the year they occur.

The evaluation year of net present value (NPV) is 2014. The equation below shows the formula
for calculating the net present value. In the central scenario, we use a discount rate of 5%. We
calculate the marginal abatement cost as the ratio of the present value of the total cost and

present value of the reduced emissions.

Formula for calculating NPV:

value(2015) value(2016) value(2017)

NPV(2014) = value(2014
( ) = value( )+ (1 +discount rate) (1 + discount rate)? = (1 + discount rate)3

The NPV approach basically takes into account that it is worth more to have USD100 in the hand
today (in 2014), than to receive USD 100 in one year (in 2015). The NPV calculation tells that it is
worth USD95 in 2014 to get USD100 in 2015 if the discount rate is 5% because NPV(2014)=Value
(2015)/(1+discount rate). It is worth USD95 in 2014 to get USD100 in 2015 because you can “put
the money in the bank” and get 5% return on the investment, which leaves you with USD100 in
2015.
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Appendix 2 Base parameters

Table 1: CAPEX incl. installation cost (USD) for example ship excluding off-hire rate in 2014

prices

Technology Cost in central scenario
Open loop scrubber 4,400,000

Hybrid scrubber, open loop mode 5,500,000

Hybrid scrubber, closed loop mode 5,500,000

Fuel switch 266,715

Diesel Particulate Filter 2,413,950

Table 2: Technology lifetimes (years)

Technology Lifetime Off-hire days for installation
Open loop scrubber 15 20
Hybrid scrubber, open loop 15 20
mode
Hybrid scrubber, closed loop 15 20
mode
Fuel switch Same lifetime as ship 10
Diesel Particulate Filter Actual 6-8 years (but 15
unlimited in calculations due
to inclusion in OPEX)

Table 3: OPEX (USD /kW per year) rate in 2014 prices

Technology Cost in central scenario
Open loop scrubber 6.9

Hybrid scrubber, open loop mode 6.9

Hybrid scrubber, closed loop mode 6.9

Fuel switch 0.0

Diesel Particulate Filter 21.9

Table 4: Fuel penalties against specific fuel consumption

Technology Fuel penalty
Open loop scrubber 2.00%
Hybrid scrubber, open loop mode 2.00%
Hybrid scrubber, closed loop mode 1.00%

Fuel switch 0.30%
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Diesel Particulate Filter

4.00%

Table 5: NaOH consumption (m3/hour)

Technology NaOH consumption
Open loop scrubber 0

Hybrid scrubber, open loop mode 0

Hybrid scrubber, closed loop mode 0.15

Fuel switch 0

Diesel Particulate Filter 0

Table 6: Prices for fuel and NaOH rate in 2014 prices

Price Rotterdam 24 April

HFO (USD/mt) 578
MGO (USD/mt) 887
NaOH (USD/m3) 157

Table 7: EC abatement factors (g/kWh)

Technology Abatement factor
Open loop scrubber 0.020
Hybrid scrubber, open loop mode 0.020
Hybrid scrubber, closed loop mode 0.020
Fuel switch 0.030
Diesel Particulate Filter 0.034

Table 8: LAC abatement factors (g/kWh)

Technology Abatement factor
Open loop scrubber 0.167
Hybrid scrubber, open loop mode 0.167
Hybrid scrubber, closed loop mode 0.167
Fuel switch 0.136
Diesel Particulate Filter 0.124
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Appendix 3 Parameters varied in sensitivity
analysis

In this appendix the parameters, which were changed in the sensitivity analyses are shown. The

prices are converted to 2014 level.

Sensitivity Low Base line High Price Original data

parameter parameters year from
reference

Ship residual 5 10 15

lifetime [years]

Time operating | 4380 8760 -

in the Arctic

[hours]

Discount rate - 5% 8%

HFO price Refer to 578 Refer to 2014 Bunkerworld,

[USD/mt] figure 11 figure 11 2014

MGO price Refer to 877 Refer to 2014 Bunkerworld,

[USD/mt] figure 11 figure 11 2014

NaOH price 52 157 262 2014 Wartsila,

[USD/m’] 2011

CAPEX + inst. 3,700,000 | 4,400,000 5,100,000 2014 Wartsila and

Open loop Alfa Laval

Scrubber (2014)

[usD]*

CAPEX + inst. 5,100,000 | 5,500,000 6,000,000 2014 | Wirtsila and

Hybrid Scrubber Alfa Laval

[uSD]* (2014)

OPEX Scrubber 0.4 6.9 11 2014 Corbett et

[USD/kW/year] al., 2010

* %

CAPEX DPF + 84.7 121.0 157.3 2014 Danish EPA,

inst. 2013, DINEX,

[USD/KW]*** 2014

OPEX DPF 15.3 21.9 28.5 2014 Corbett et

[USD/kW/year] al., 2010

* April, 2014, personal comm. with manufacturers.
** The original data is given in USD/MWh
*** The price is estimated by LITEHAUZ based on Danish EPA, 2013 and pers. comm. with DINEX.

The low and the high CAPEX for the scrubber is the low and high estimates provided by Wartsila
and Alfa Laval, while the low and high OPEX for the scrubber is based on (Corbett et al., 2010).
High uncertainty is related to the costs of DPF both regarding CAPEX and OPEX, and therefore

estimates 30 % higher and lower have been used in the sensitivity analyses.
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